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1. SUMMARY
A new method for experimentally determining second virial 
coefficients of condensable gases is described. 
This method avoids the difficult volume calibrations necessary 
with former techniques and evaluates the second virial coefficient 
in term� of three pressure measurements. 
Measurements are reported for n-hexane at temperatures of 
328.15 K, ]43.15 K, 358.15 K and 373.15 K using this method. 
These values do not agree with the generally accepted second 
virial coefficients from the literature and reasons are advanced 
to explain this. 
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2. INTRODUCTION 
In chemical engineering, there is a need to understand p-V-T-x 
properties of gases for design purposes. 
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These properties have been the subject of study since the classical 
work of Robert Boyle in 1662. Other major advances over the intervening 
period . have been th~ results of work by Jacques Charles who proposed (in 
1802) a gas law where the pressure remained constant, John Dalton (1801) 
who gave his name to the law of additivity of partial pressures, Amadeo 
Avagadro (1811) who postulated that equal volumes of all gases contain 
equal numbers of molecules under the same conditions of temperature and 
pressure, and Amagat from whom, in 1880, we have a law of additive volumes. 
These laws can all b2 expressed by thP equation generally known as the 
ideal gas law: 
pV E.n. RT 
l l 
(2.1) 
where p is the pressure, 
V is the volume, 
E.n. is the number of moles 
l .1. 
of the gas present, independent of the typa, 
R is the gas canst.ant, 
and Tis the absolute temperature. 
These laws are valid at low pressures, becoming exact as the limit to real 
behaviour as density tends to zero. Hence they are called the "perfect 
gas" relations. It is also interesting to note that the perfect gas 
relations may be derived from molecular considerations in a number of ways, 
For example, Hill (1962) uses statistical mechanics to derive the perfect 
gas law while Hirschfelder, Curtis and Bird (1954) use a detailed kinetic 
theory of gases. 
At higher temperatures and pressures, real gases show significant 
deviations from perfect behaviour which depend on temperature, pressure 
and composition. An understanding of real gas behaviour is necessary in 
a large number of engineering applications since pressures of up to many 
thousands of bars are not uncommon. Much recent work has been devoted ta 
(a) equations of state suitable for imperfect gases, 
(b) correlation of properties between different gases, and 
(c) relations between the properties of mixed gases and those of the 
pure com_ponents. 
Equations of state for imperfect gases: 
The classical two-parameter equation of state is that of van der 
Waals who, in 1873, proposed the first practical equation to improve on 
the i~eal gas law. Among the numerous other two-parameter equations 
of state are those of Dieterici, Berthelot and Redlich-Kwong: 
van der Waals (1873) 
RT a 
p -
V - b 2 (2 .,2) 
V 
Dieterici (1899) 
RT - a/vRT 
p = e 
V - b (2.3) 
Berthelot (1907) 
RT a 
p = - --






V - b ½ T v(v+b) 
(2. 5) 
where a and bare constants. 
Unfortunately these only apply over a limited density and temperature 
range but are useful because of their simple form involving only two 
constants. Although these are simple equations, the graphical method 
employing the corresponding states principle is often used. In this 
procedure the compressibility factor, z, defined by the relation: 
z 
= . pv 
RT 
(2.6) 
is plotted versus r e duced pressure, p, for lines of given reduced 
r 
temperature, T. r 
This method is convenient for practical purposes in 
that one chart can represent all gases. 
There are a number of more cumbersome equations of state available 
which have more than two constants and which, by virtue of the .fact that 
they have more constants, are more accurate in the regions of higher 
density where the simpler equations are not so accurate. An extreme 
3 
example of this type of relation is the Benedict-Webb-Rubin equation (1940) 
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of state: 
RTP + (B RT - A 
C 2 3 6 C 3 2 2 
_c::)p + (bRT-a)p + aap + __Q__(l+yp )e-yp ( 2. 7) p 
0 0 T2 T2 
· 1 
where p = -
V 
and A, B, C , a, b, c, y and a are eight constants which 
0 0 0 
are determined empirically for each substance. 
In 1901 Kamerlingh Onnes suggested the polynomial: 
pv ( 2. 8) 
to fit p-V-T 1ata. He called the "constants" A to F" "virial coefficients". 
The virial equation of state expresses the product of pressure and volume in 
a power serie3 of 1/v. A similar power series in pis also used. 
forms of the equation are: 
(1) the density series (or Leiden form) 
pv RT(l + B(T) + C(T) + ) V 2 • • • (2. 9) 
V 
where B(7) and C(T) are the second and third virial coefficients 
respectively for the density series;and 
(2) the pressure series (or Be,lin form) 
pv RT(l + B' (T)p + C' (T)p2 + .•. ) (2.10) 
where B' (T) and C' (T) are the second and third virial coefficients 
respectively for the pressure series. 
The relations between the constants B,C,D, ... and B' ,C' ,D' , ... can be 
The two 






(B (T) ) 2 + C 1 (T) RT 
(2.11) 
(2.12) 
The principle of corresponding states describes the dependence of 
the second virial coefficient on the temperature as: 
B/V = cp(T/T) 
C C 
(2.13) 
where Ve and Tc are the critical volume and critical temperature 
respectively. A requirement of this principle is that the molecules 
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must have spherical symmetry. McGlashan and Potter (1962) have fitted 
the second virial coefficients of argon, krypton, xenon and methane to 
the principle. Since all of these molecules have spherical symmetry, 
good agreement is expected and obtained, especially at temperatures 
greater than the critical. They then determined the deviations from the 
principle of corresponding states for the n-alkanes with the deviations 
bearing a relation to the chain length and the reduced temperature. 
This adds another parameter to the principle of corresponding st~tes anG 
for the n-alkanes the virial coefficient is given by: 
' B/V = 0.430-0.88l(T /T) - 0.694(T /T) 2 
C C C 
where n is the chain length. 
0.0375(n-l) (T /T) 4 · 5 
C 
(2.14) 
Statistical mechanics indicate that the contribution of the second, 
third, fourth, ... virial coefficients represent the deviations from ideal 
behaviour when interactions involving two, three, four, ... molecules 
become important in the gas. 
Second virial coefficients can be used in a variety of ways to provide 
further properties of gases. Hirschfelder, Curtis and Bird (1954) have 
summarised the deviations of some thermodynamic functions from the ideal 
values in terms of virial coefficients. 
If the pressure series 'Virial equation is truncated at the term in 
the third virial coefficient: 
pv 
2 
RT(l + B'p + C'p) (2.15) 
and from p-V-T data a graph of pV versus pis plotted, then the second 
virial coefficient can be obtained as the slope of the line. The third 
virial coefficient is then the curvature of the line. 
Since many of the gases encountered industrially are gas mixtures, 
it would be convenient if their properties could be calculatY.d from the 
properties of the pure components. 
two-component mixture is given by: 
B 
m 
The second virial coefficient of a 
(2.16) 
where x1 and x 2 are the mole fractions of each pf the components of the 
mixture. 
B11 and B22 are the pure component second virial coefficients 
resulting from interactions between like molecules, and 
0 
s12 is the crossed second virial coefficient resulting from interactions 
between unlike molecules. Hence the secor.d virial coefficient for mixtures 
depends on forces between unlike molecules as well as the forces between 
molecules of the sm~e species. ConsequenLly, to obtain information about 
these unlike species interactions it is necessary to have accurate 
experimental data for both the pure components and the mixtures. 
the former only with which this thesis will be concerned. 
It is 
3. REVIEW OF EXPERIMENTAL METHODS 
3.1 Experimental Methods for the Determination of Virial Coefficients 
of Pure Gases 
3.1.l Classification of Methods 
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A very J~rge number of the determinations of second virial coefficients 
depend on the measurement of pressure, volume, temperature and where 
necessary the number of moles of gas present. Experimental techniques 
fall j_nto two fairly well-defined groups: those in which the gas is at 
high pressure and those where the gas pressure is low. Work in the low-
pressure region usually uses methods where the pressure is measured with 
a mercury column, while the high pressure studies use mainly free piston 
gauges. · In addition to these methods a wide range of methods have.been 
applied which have used other techniques for measuring the density of the 
gas thus avoiding problems encountered with volume calibrations. In 
general, this latter group comprises methods which measure some property 
of the gas which depends on its non-ideality. The measurements for the 
low-pressure p-V-T methods (section 3.1.3) and the high-pressure p-V-T 
methods (section 3.i.4) may be made directly on the gas under investigation 
or the behaviour may be compared with a reference g-as under~ th_e_ same--
conditions. 
Since the measurement of pressure, temperature and density are common 
to many of the methods, a brief summary of these will be given. 
3.1.2 Measurement of Experimental Quantities 
3.1.2.1 Moles of Gas 
Many methods used to determine second virial coefficients assume that 
the number of moles of gas in the apparatus remains constant. However, 
the adsorption of some of the gaseous vapour on the walls of the apparatus 
can contribute an error in the calculation of the second virial coefficient. 
In some experimental procedures, such as the Boyle method, the value 
of n, the number of moles of gas, is obtained by extrapolating a plot of 
pV versus p to zero pressure. 
series equation: 
pV n(RT + Bp) 
According to the truncated pre ssure 
(3 .1) 
the intercept at zero pressure is nRT. The value of n obtained from 
this intercept is then used with the limiting slope, nB, to obtain the 
second virial coefficient. This method is the one used by Lambe:r-t, 
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Roberts, Rowlinson and Wilkinson (1949) in their experiments with a number 
of organic vapours. It is usual with this procedure to consider that the 
third virial coefficient is zero so that a straight line drawn through the 
experimental points will have the same slope as the limiting slope. 
Whytlaw-Gray and Bottomley (1957) have attJ: ibute d curvature in pV versus p 
isotherms at low pressures to the effect of adsorption. Since, at these 
low pressures, the effect of a third virial coefficient is unlikely to be 
as great as that apparently observed, they felt that the adsorption of 
some of the sample gas on the walls of the apparatus was the cause of this 
curvature. When both the apparatus walls and mercury in contact with these 
walls and the test gas were scrupulously clean, then this effect was 
minimised. Eubank and Kerns (1973) have suggested that the ~ffects of 
adsorption can be seen in a Burnett apparatus calculation as indicated by 
an apparent shift of the apparatus constant. Careful prepara tion of the 
apparatus surfaces to reduce the surface area and to present a clean 
surface to the samplG gas are mentioned as b e ing ways of r e ducing this 
effect. The more polar the gas the greater will be the amount of adsorption. 
For the gas density balance constructed by Haworth and Sutton (1970) a 
plate was fused to the opposite side of the beam to the float in an attempt 
to nullify the effects of adsorption. The adsorption effects become 
greater as the gaseous sample becomes more dense so that near the 
saturated vapour pressure this adsorption effect is a very r~al problem. 
In the indirect methods of determining second virial coefficients t .he 
results are not complicated by the effects of adsorption. 
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If the apparatus is being used in the initial steep or curved portion of 
the curve or the latter parts, then the effects of adsorption are much 
more severe than if the apparatus were being operated in the middle 
'flat' portion. Although working in this middle section of the iso~herm 
does not avoid the adsorption problem completely, it certainly reduces it. 
Bottomley, Reeves and Whytlaw- Gray (1958) have given some figures for thG 
adsorption of benzene vapour on pyrex glass at various pressures. These 
values are in the range of 200 parts per million of the total vapour pha::;e 
adsorbed. After the results were corrected for the adsorption effect 
-6 
the value of the calculated second virial coefficient changed by 20 x 10 
3 -r . 
m mole • 
3.1.2.2 Pressure Measurement 
Pressure measurements can be divided into two basic sections: thos-3 
at low pressures or up to a few bars and those at pressures greater th~n 
this. 
Low pressures are for the most part measured by mercury manometers. 
When using small-bore manometers (less than 1 to 2 cm diameter tubing), 
the capillary effect must be taken into account. The value of the 
p:r:essur.e as given by the formula, p = pgh, requires that the local 
acceleration because of gravity, g, be known accurately. This is not 
usually difficult to obtain. The density of mercury, p, must also be 
known to a high degree of accuracy. This is readily available as a 
function of temperature which then requires that the temperature of the 
manometer in use must also be known. Hence manometers are thermostatted. 
The heights of each leg of a mercury manometer are usually measured with 
a precision cathetometer. The engraved bar of a cathetometer is accurate 
at a given temperature. Usually it is made of a material of low 
coefficient of thermal expansion so that if any correction is necessary 
to the bar height it is minimal. For this correction to be made, the 
temperature of the cathetometer must be known. 
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Where high pres s ures are to be measured .with mercury manometers, 
it is possible to construct a manometer consisting of a number of mercury 
manometers in series. These multiple manometers have been used up to 
pressures of several hundre d atmospheres but are inconvenient to use. 
Temperature control is a problem when there are many mercury heights to 
be read for what arr.aunts to one pressure reading. 
The problem of mercury dissolving some of the sample gas, which 
occurs at higher pressures, as well as the gas becoming a binary mixture 
with mercury as one component, can be overcome by placing a differential 
pressure transducer in the apparatus to b e used as a null indicator as 
shown in figure 3 . 2 . One side of the transducer is in contact with the 
gas under investigation while the oth~r side is in contact with another 
gas, such as nitrogen, which is also in contact with one side of a mercury 
manometer. This type of arrangement also avoids the problems associated 
with having the mercury manometer at the same temperature as the 
experimental apparatus. The Boyle apparatus of Alexander and Lambert 
(1941) is one in which the pressure measuring device is at the temperature 
of the experiment. 
At high pressures the most common measuring device is the free-piston 
gauge .. The gas at pressure p exerts this pressure on a fluid (usually 
oil) which in turn acts on a piston inside a cylinder. The dil tends to 
push the piston out of the cylinder but is opposed by weights which are 
applied to it as shown in figure 3.3. At very high pressures this 
opposing force may be applied by stiff springs. A review by Bridgman 
(1949) gives examples of the various types of fr ee-piston gauges. In 
particular cases gauges were d eveloped to overcome one or more of the 
three sources of error in free-piston gauges. These errors are: 
(1) friction, (2) leaking of the pressure transmitting fluid through the 
annulus between the piston and cylinder, and (3) distortion of the gauge 
which changes the effective area of the gauge. One advantage that the 
free-piston gauge has overother pressure gauges is that t he weight on 
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the piston automatically fixes the pressure of the system. Deadweight 
piston or free-piston gauges have been used to measure pressures of up 
to 6 k bar with a precision of ±0.05%. Deadweight gauges that operate 
pneumatically are now becoming available. These not only operate in the 
high-pressure region up to a few hundred bars but also at low pressures. 
At low pressures, up to one bar, they can have an accuracy of less than 
-2 
l Nm which compares very favourably with mercury manometers. 
Although mercury manometers and free-piston gauges are the most 
commonly used pressure measuring devices there are other types in use. 
In a bonrdon tube gauge the tube is displaced by the pressure 
difference between the pressure applied to the tube and that surrounding 
the tube . 
circular. 
Under pressure the oval- shaped (us u a lly) t ube tend s to ~ecome 
The free end of the tube is attached to a pointer to give an 
indication of the pressure. Ulmer (1971) states that these devices are 
used at pressures of up to 6 kb with a precision of 0.1%. Part of the 
lack of precision comes from the fact that they are usually calibrated 
against deadweight gauges which in themselves have some inaccuracies. 
Quartz bourdon gauges can be used at pressures of up to about 5 bars 
with an accuracy of up to 150 N m- 2 . These incorporate a fused quartz 
spiral in place of the usual bourdon tube . Another type of quartz 
bourdon tube measures pressure by the amount of electrical current that it 
is necessary to apply to electromagnetic coils to oppose and exactly 
balance the rotation of the tube. 
The marganin pressure gauge operates on the principle of the changing 
resistance of a wire when subjected to pressure. Marganin is an alloy of 
copper (80 to 84 %), manganese, nickel and iron. Since the r e sistance of 
metals also changes with temperature they can only be used with devices 
that operate at constant temperature. The pressure coefficient of 
resistivity is about 1.1 x 10-6 per bar and is linear over a wide pressure 
range. Hence they need only one fixed point for the calibration. 
The precision of these devices also depends on that of the deadweir;ht 
tester against which they are usually calibrated. 
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A number of types of pressure transducers have been developed which 
rely on changes in electrical or magnetic properties with pressure. 
One type has a metal diaphragm that acts as one plate of a capacitor. 
As the pressure is applied the diaphragm moves with respect to a fixed 
plate to change the thickness of the dielectric between the plates. 
With a suitable bridge circuit, the variation in capacitance can be 
~easured and calibrated against pressure. Another transducer using a 
movable magnetic diaphragm is that of the variable reluctance type. The · 
magnetic vane is positioned between two maynetic output coils such that 
any displacement of the diaphragm caused by the applied pressure changes 
the inductance ratio between the two coils. 
calibrated against pressure. 
This voltage output can be 
Quartz crystals can be used as pressure transducers. The crystal 
oscillates at a given frequency provided that the pressure remains 
constant. In the sensorprobe of a quartz crystal pressure-measuring 
device, there is also a reference oscillator whose resonant frequency is 
independent of pressure. The difference between the quartz crystal 
oscillator frequency and that of the reference oscillator is used as a 
measure of the pressure applied to the crystal. These devices can have 
a precision of ±l03 Nm 
-2 
as wide 0 to 800 bars. over a pressure range as 
The SI unit of pressure is the Newton per metre, N m 
-2 
which square I 
is also called the Pascal and denoted by the symbol Pa. Since the Pascal 
is too small for convenience it is often replaced by the bar, which is 
equal to 105 Pa, in reporting p-V-T data. 
now been defined as 1.01325 bar exactly. 
The standard atmosphere has 
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3.1.2.J Temperature Measurement 
The most readily available means of measuring temperature is the 
liquid in glass thermometer. These are capable of reading to a few 
tenths of a degree or,in the case of more sophisticated thermometers, 
to a few thousandths of a degree. The Beckmann thermometer is used 
for measuring temperature differences. 
Thermocouples primarily measure a temperature difference - the 
difference between that of the cold and hot junctions. The reference 
junction may be held at any convenient temperature but it is usual to 
keep it at t 1.~e ice point. Thermocouples of one sort or another cover 
a wide range of temperatures but are only capable of measuring temperatu.ces 
to ±0.0:!.°C. 
Although thermocouples determine temperature differences, the platinum 
resistance t.hermometer determines temperature ratios. This ratio is that 
of a resistance at a given temperature and that of the standard resistance 
which is thermostatted. These are the most accurate temperature measuring 
devices while the international temperature scale is defined within the 
0 
temperature range of -182. 97 to 630. 5 C by these thermomete.rs. 
The SI unit of thermodynamic temperature is the Kelvin, denoted by 
the symbol K. Since the Kelvin temperature scale is not an entirely 
practical scale to use, values on a more practical scale are often used. 
The Celsius temperature scale or International Practical Scale of 
Temperature is co~sequently used where one Kelvin degree is identical with 
one Celsius degree, while in absolute terms the Celsius temperature is 
defined as thermodynamic temperature less 273.15 K. 
3.1.2.4 Volume Measurement 
Although all experiments aiming at determining second virial 
coefficients involve direct measurements of temperature and pressure, 
it is with the measurement of volume or density that many of the 
experimental techniques vary. 
The most direct method is to determine both the mass of gas and the 
volume it occupies separately to obtain the density or molar volume. 
Some experiments de t ermine density by refractive index or nuclear 
magnetic resonance techniques while others such as the Burnett method 
and other expansion methods avoid a direct density determination. 
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At high pressures the mass of gas may be determined by direct weighing 
or by expanding the gas to a low pressure where the volume is measured. 
This requires that the equation of state be known at the low pressure to 
which the gas is expanded and is called the 'nonnal volume' technique. 
A technique used quite commonly for determining volumes is to fill the 
apparatus with a fluid of known density. The mass of this fluid contained 
within the unknown volume is then used to determine the volume . When 
using fluids with high densities, such as mercury, or fluids at va~tly 
different densities than those to be tested, thought must be given to the 
possibility of the volume changing slightly during the volume determi~ation. 
The SI unit of volume is the cubic metre, m3 , and the SI unit of 
density is the kgm- 3 Although it is used very infrequently now, the 
historical unit of volume for gas measurements is the Amagat unit. The 
Amagat volume of a gas is the ratio between its volume at any t emperature 
and pressure and its volume at 273.15 Kand at one atmosphere pressure for 
a given mass of gas. 
3.1.2.5 Reference Gases 
Experiments of a relative nature where the behaviour of the sample 
gas is compared with that of a reference gas under the same conditions are 
used to determine second virial coefficients. The reference gas is 
usually one that is more nearly ideal than the gas unde r investigation 
or one with well-known p-V-T properties in the region of the experiment. 
Relative methods have almost never been used at high pressures while at 
low pressures there are quite a number of techniques that embody some 
sort of relative measurement. These will be described in a later section. 
The most commonly used reference gases are: helium, argon and the 
15 
much more freely available nitrogen, all of whose second and third 
virial coefficients are well known over a wide range of temperature. 
3.1.3 Low Pressure p-V-T Experimental Methods 
3.1.3.l p - V-T-n Method 
The Dumas method used for determining the molecular weight of gases 
in which the pressure, temperature arrl mass of a gi'.ren volume of gas are 
measured can be extended to investigate second virial coefficients. This 
method used by Roper (1940) is an txample of what the simple equation of 
state suggests. This involves measuring p, T, V and n, although strictly 
speaking it is the density, p, that is important rather than V and n. 
A container of known volume is loaded with a weighed amount of sample. 
and the pressure of the gas is measured at a given temperature. Roper 
determined the amount of gas iri. his experimenta.l globe by weighing it 
evacuated and filled, making use of an identical counterpoise to provide 
buoyancy and adsorption corrections. The Kamerlingh Onnes form of the 
equation of state: 
pv 
B C D 
RT ( 1 + -;; + 2 + 3 + ..• ) (3.2) 
V V 






to the extent that 3.3 is an accurate representation of the gas behaviour. 
The second virial coefficient, B, is then given in terms of the measured 
quantities p, V, T and m by: 
B 
2 
pv - V 
RT 
(3.4) 
Since all of these quantities were measured for each loading of the 
apparatus, a value of the second virial coefficient at each temperature 
was found. Barton and Hsu (1969) used an apparatus similar to that of 
Roper for p-V- T-n measurements with formic and acetic acids. The 
volume of their cell was determined in a similar manner to that of Roper's -
by weighing empty and full with distilled water. An aluminium diaphragm 
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between the sample and the me rcury manometer, with which the pressures 
were measured, prevented contamination of the sample with mercury and 
avoided mercury vapour pres s ure problems at the higher temperatures. 
Eon, Pommier and Guiochon (1971) also used a similar appa ratus but used 
a small mercury null manometer in the constant temperature bath between 
the sample and the external manometer. The results obtained by these 
researchers were used to calculate the pressure series second virial 
coefficient: 
B' RT (z - 1) 
p 




3.1 . 3.2 Boyle's Method 
( 3. 5) 
( 3. 6) 
The first quantitative p-V-T measurements were carried out by Boyle 
in the seventee n.th century. His apparatus, as shown in figure 3.4, 
consisted of two legs joined at the bottom where there was provision for 
the addition and removal of mercury. One leg was open while the other. 
leg, which was calibrated to serve as a gas burette, was close d at the 
top and sealed at the bottom by mercury. Addition or removal of mercury 
allows the pressure and volume of the gas in the burette to be changed. 
Boyle's law states that for a given mass of gas at constant temperature 
the volume is inversely proportional to the pressure. Although the 
observations made by Boyle are only exact if the gas is behaving perfectly, 
the deviations of a real gas from perfect behaviour may be used to 
determine the second virial coefficient. 
When . the gas is compressed by merc:1ry the vapour pressure of the 
mercury puts an upper limit on the temperature to which this ,_type of 
apparatus, in its original form, may be used. Some times a differential 
pressure gauge is placed between the sample ~as that has been compressed 
by the mercury column and the pressure mea~:uring device. This has the 
advantage that the pressure measuring manometer does not need to be at 
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the same temperature as the compressi-:m apparatus and that of the sample 
gas. The nitrogen (usually) pressun-, which nulls the pressure transducer 
is measured on an external manometer. 
A simple Boyle's Law apparatus as described by Alexander and Lambert 
(1941) and used by this g r oup, as well as Lambert, Roberts, Rawlinson and 
Wilkinson (1949) and Lambert, Clarke, Duke, Hicks, Lawrence, Morris and 
Shor:.e (1959) compresses the gas into a graduated tube using a mercury column. 
The pressure is read as the difference between the mercury heights in the 
two legs of the apparatus while the whole apparatus is h e ld at a constant 
temperature in a thermostat. A variation on the simple Boyle apparatus, 
used by Cawoou and Paterson (1932), is one in which the graduate d tube was 
a proj e ction on a much l a r g e r bulb as illustrated in figure 3.5. This 
method, however, is usually used at high pressures. A further extension 
of the Boyle apparatus is to have the sample gas compressed through a series 
of predetermined and accurately known volumes. When two fixed volumes are 
used, as by Andon, Cox, Herington and Martin (1957) and Cox and Andon (1958), 
it is only necessary to know the volume ratio rather than the exact volumes. 
This volume ratio is usually determined with a gas whose equation of state 
is well known. A similar form of this apparatus as described by Guye ana 
Batuecas (1923) used three accurately calibrated bulbs. This idea can be 
extended to many bulbs to provide a step-wise compression. Hajjar, Kay 
and Leverett (1969) used an apparatus with four bulbs as shown in figure 
3.6. The amount of the sample was found by confining the liquid to the 
calibrated tip with mercury. The liquid sample was vaporised and the 
pressure measured as it was compressed through the various bulbs. A 
similar apparatus devised by Knoebel and Edmister (1968) was used for 
mixtures as well as pure substances. As has already b e en mentioned, the 
Boyle type of experiment is limited by the vapour pressure of mercury when 
this is used as the compressing fluid. Cottrell and Hamilton (1956) have 
developed an apparatus (figure 3.7) where the gas under investigation is 
not in contact with mercury. Instead of being compressed by a rising 
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mercury interface, the sample is expanded into a series of accurately 
known volumes and the pressures are determined by using a differential 
pressure transducer and an external manometer. The volumes of the 
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various bulbs, tubing and t~ansducer were determined by expanding nitrogen 
at its Boyle temperature. 
The calculation of the second virial coefficient from the Boyle 
apparatus and its modifications is in most cases the same. From the 
pressure series virial equation: 
pV = nRT + nB'p (3.7) 
it can be seen that by plotting pV versus p the slope of the resulting 
straight line will be nB' and the y-axis intercept nRT. 
density series equation: 





a plot of pV versus - has a slope of n BRT with a y-axis intercept of nRT. 
V 
3.1.3.3 Gas Thermometers 
An apparatus in which both the amount of gas and either the volume 
or pressure are kept constant while the temperature changes is called a 
constant-volume or a constant-pressure gas thermometer. Although second 
virial coefficients have been measured with both constant-volume and 
constant-pressure gas thermometers in the past, they have not been so 
commonly used in recent times. 
In a typical constant-pressure gas thermometer as used by Bartels and 
Eucken (1921) and shown in figure 3.8, there are two volumes filled with 
the sample gas. One, a fixed volume, is held in turn at the various 
temperatures at which the experiments are being done while the other is a 
variable volume, connected to the first with fine tubing and held at some 
fixed temperature (often o0 c). As the temperature of the fixed volume is 
changed the pressure is kept constant by injecting gas from the variable 
volume to the fixed volume or by removing gas from the variable volume to 
the fixed volume, usually with the aid of mercury. A series of runs is 
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carried out at differing constant pressures and the second virial 
coefficients calculated from the results after the amount in the constant 
volume has been determined. The amount of gas in the constant volume 
bulb is found by subtracting from the total, the amount in the variable 
volume. In order to determine this the equation of state for the gas 
must be known at the temperature at which the variable volume is kept. 
In the density series virial equation, all of the terms are known except 
the second virial coefficient. HPnce at any of the temperatures at 
which the experiment was performed a value of B may be found; i . e. 
B V (pV _ l) 
n nRT 
(3.9) 
Constant- volume gas thermometers are much more common than the 
constant- pressure gas thermometer. In th.:Ls type of gas thermometer, the 
sample gas is loaded into the constant volume and confined there by one 
leg of the pressure measuring manometer, as shown in figure 3.9. The 
temperature of the gas sample is varied with the mercury level held fixed 
and the different pressure readings taken. As the temperature is varied 
the density should, ideally, stay constant but in actual fact it does not 
do so because of the dead spaces in the manometer and the connecting 
capillary which are not held at the same temperature as the constant volume. 
This technique has been used by White, Hu and Johnston (1953). The 
\ 
density of the gas under investigation may however be kept constant but 
this involves maintaining the manometer at the same temperature as the 
sample gas which then limits the range of temperatures over which this 
experiment may be performed. By using a null pressure indicator kept at 
the same . temperature as the sample gas and an external manometer ·.Mith 
nitrogen to balance the null pressure indicator, this problem can be 
overcome. Opel and Schaffenger (1969) used a fused quartz spoon gauge 
0 
at temperatures up to 350 C. Kistemaker and Keesom (1946) have suggested 
a type of double constant volume apparatus to reduce the low temperature 
problems of: (1) uncertainty in the pressure determination, (2) inability 
to maintain a constant temperature for a necessary length oe time, and 
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(3) the amount of gas in dead spaces within the apparatu~. This 
apparatus, shown in figure 3.10, involved two sirni.lar volwnes, loaded 
to different gas densities, surrounded by a copper mantle. Two points 
on the pV isotherm were measured simultaneously at low pressures, these 
being sufficient to enable a second virial coefficient to be determined. 
The construction of the apparatus ensured that both volumes were at the 
same temperature thus avoiding the low temperature stability problem. 
The problems associated with the pressure determinations were overcome by 
using an X-ray shadowgraph method. The dead space problem was reduced by 
making such nolumE:s as small as possible. With this method the second 
virial coefficient was determined from the d ensity equation for each volume: 
(pv) 1 = RT(l 
and (pv) 2 = RT(l 
Hence the difference 










will provide a value of B. Keller (1955) also devised a constant volwne 
experiment to avoid the difficulties encountered at low temperatures as 
mentioned above. · Since Kistemaker and Keesom did their experiment in the 
late 1940's, there have been improvements in manometry and temperature 
control so that modern techniques have surmounted these problems. Keller 
managed to avoid the dead space difficulty by measuring the gas in these 
volumes after the completion of the experiment. 
isotherms with the density series equation: 
E!_ 
nRT 
Keller fitted his 
(3.13) 
Usually second virial coefficients are calculated from the constant volume 
apparab1s results by assuming that the third virial coefficient is 
negligible. 
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3.1.3.4 Differential Pres s ure Method 
Low-pressure experiments of a relative nature are one of four 
types. In each case the sample gas behaviour is compared with that of 
a reference gas whose equation of state is well known in the pressure and 
temperature range of the experiment. The four types of experiment are: 
(1) at constant volume the difference in pressure is measured after the 
same change in temperature for each gas; (2) at constant temperature the 
pressure difference is measured after the two gases are expanded to equal 
volumes; (3) after expanding the two gases, initially at the same pressure 
and volume, at constant temperature to eq~'al pressures the difference in 
volume is measured, and (4) at constant temperature the press ure of each 
gas is measured at i.:he point where th2y have equal densities. 
Most of the relative p-V- T work is at least as acc urate as the 
absolute p-V-T work because: (1) a gre2r. number of the low-pressure 
experiments are carried out un gases that show large departures from 
ideality, and (2) the reference gas is usually much more like an ideal gas 
than is the sample gas. Hence relative results can be readily converted 
to absolute values with only a small loss in accuracy. 
The constant volume gas thermometer has been adapted for relative 
measurements for second virial coefficients. An apparatus that is 
essentially two constant volume gas thermometers with independ'ent manometers 
was developed by Long and Guilbransen (1936) from the single gas thermometer 
of Giauque, Buttington and Schulze (1927) and Johnston and Weimar (1934). 
This in turn was developed further by Varehamp and Beenakker (1959), 
figure 3.11, into a comparative apparatus using an oil-filled manometer. 
Gases were admitted to each of the constant volume bulbs at the same 
pressure. The apparatus was then heated by 1 Kand the resulting pressure 
difference read from the differential manometer. 
by using the following equation of state: 
p Ad (1 + Bd) 
where p was the pressure in normal atmospheres, 




A was the ratio of the absolute temperature and 273.15, 
B was the second virial coefficient , 
and d the density expressed in Amagat units. 
After denoting the reservoirs 1 and 2 with the initial and final states 
i and f respectively, an expression of 
i f i f 
Pi_ P2 /p2 pl provides the 
result that 
(3.15) 
where the gas 1 is the reference gas. 
This apparatus was used at low temperatures by Beenakker et al. for 
studies of H2 , HD and D2 and their mixtures with He as well as the 
difference between the second virial coefficients of the ortho and 
para forms of H2 and D2 . 
Another method starts with two gases in equal volumes at equal 
· pressures, then changes the temperature. The pressure is then equalised 
by adjusting the amount of mercury confining one of the gases. As with 
the previous method, this gives a value of 6B/6T which requires an 
absolute value of the second virial coefficient of the sample gas to 
convert the results into a B versus T plot. Bottomley and Spurling 
(19 64) used an apparatus which Bottomley (1960) first proposed to determine 
the second virial coefficient of n-butane with this type of method. 
3.1.3.5 Differential Compression 
In the methods described in the previous section, the temperature 
was changed at constant volume. In the methods described in this section, 
the temperature is maintained constant while the gases are compressed to 
equal volumes. Hamann and Pearse (1952) and Hamann and McManamey (1953) 
used an apparatus which consists of two similar burettes conr.ected to the 
opposite sides of a differential manometer. A reference gas is confined 
in one burette while the sample gas is confined in the other. By changing 
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volumes. The differential manometer is used to measure the pressure 
difference between the two gases. 
This type of apparatus, which has also been used by McGlashan and 
Potter (1962), usually has three bulbs whose volumes do not need to be 
known. Only ratios of the volumes need be known. This apparatus also 
suffers from the li,nits of the temperature range placed on it by the use 
of mercury for the compressions. From the two compressions using this 
apparatus, shown in figure 3.12; from where the gases are occupying all 
three bulbs ~o where they occupy only one bulb after successive compressions, 
two second virial coefficients may be cal01lated. McGlashan and Potter 
(1962) have dete.rmined a final value of the second virial coefficient, B, 
by using the weighting 
1 
(B12 2B13 ) (3.16) B = + 3 
where 8 12 
is the virial coefficient obtained from equations 1 and 2 of the 
three equations describing the compressions and similarly for B13 . This 
equation provided a weighted average since the random error in B12 is 
about twice that in the corresponding value of B13. 
Hamann and Pearse (1952) found that depending on what gas was used for 
the test gas there was sometimes a marked difference in the two values of~ 
the second virial coefficient. They attributed this difference to 
adsorption effects, section 3.1.2.1, or a contribution from higher virial 
terms. 
3.1.3.6 Differential Expansion 
A further variation of differential compressibility techniques is 
to expand the two gases, initially at the same pressure and volume, to 
constant pressure by the removal of weighed amounts of mercury. The 
volume changes which can be calculated from these mercury weights are 
used to calculate the second virial coefficient. This apparatus is 
illustrated in figure 3.13. 
Thomaes and van Steenwinkel (1960) used this technique at low 
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temperatures. However, since the mercury volume adjusters were not 
at these low temperatures for practical reasons some of each of the 
reference and sample gases were also at the volume adjuster temperature. 
Another version of this type of apparatus which avoids having some of 
the gases at a temperature different from that of the main volumes has 
been used by Bottomley, Reeves and Whytlaw-Gray (~958). The major 
drawback of this method is that the temperature range is limited by the 
mercury. A further refinement is that proposed by Kappallo, Lund and 
Sch~fer (1963) which avoids the weighing of large amounts of mercury by 
expanding the two gases by approximately equal and predetermined amounts 
and attaining pressure equality by a small volume adjustment. 
3.1.3.7 Comparative Gas Density Balance 
The gas density buoyancy balance, as illustrated in figure 3.14, can 
also be used in a comparative way to determine the second virial coefficient 
of a sample by comparing it with another gas whose equation of state is 
well known. 
The chamber surrounding the buoyancy bulb is filled to a known pressure · 
with the reference gas and the balance brought to a null position. The 
chamber is then evacuated and refilled with the sample gas to a measured 
pressure such that the buoyancy bulb is again balanced. Thus both gases 
have the same densities and temperatures at the measured pressures. This 
microbalance technique was originally used for the determination of 
molecular weights, but has now been superseded by other methods. Casado, 
Massie and Whytlaw-Gray (1951), Hajjar and MacWood (1968) and Wallace, 
Silberberg and McKetta (1964) have all used the gas density balance 
developed by Edwards (1917) or modifications of it to determine second 
virial coefficients. Wallace, Silberberg and McKetta (1964) have used 
·t~ 
both air and neon as the reference gas for their experiments. The 
truncated pressure series virial equation, written in terms of the molecular 
weight of the gas, M, and the density, p, is 
RT+ B'p (3.17) 
Explicit equations in the densj_ties of each of the gases may be 
equated which gives a value of the unknown virial coefficient as: 
(3.18) 
where the subscripts 1 and 2 refer to the reference and sample gases 
respectively. 
3.1.4 High Pressur£ p-V-T Experim2ntal Methods 
Because of the increased difficulty in working at high pressures, 
p-V-T measurements made to determine second virial coefficients are 
almost all of the direct nature rather than of the relative type. 
3.1.4.1 p-V-T-n Methods 
25 
One of the simplest methods of obtaining p - V- T- n data is to fill a 
container of known volume with a weighed amount of sample and measure 
the pressure and temperature. Although this particular method has been 
used at low pressures it is not used very frequently at high pressures. 
However, Benedict (1937) used this type of method for his temperature-
density measurements with nitrogen. 
An apparatus in which the volume and temperature are held constant 
while additional sample is injected into the pressure vessel and the 
pressure measured has been used by Kell and Whalley (1965) and Kell and 
McLaurin (1969) to determine the compressibilities of steam and methyl 
alcohol at high temperatures and pressures, figure 3.15. 
A more common method of determining second virial coefficients at 
high pressures is to load a constant volume vessel with a known amount 
of sample and to measure the pressure at various temperatures. Hou and 
Martin (1959) have used this type of experimental technique to determine 
p-V-T data for trifluoromethane. With this apparatus the amount of 
sample contained in the loading device is known before loading the vessel. 
After loading the pressure vessel the _amount left in the sample container 
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and in the loading line s is determined in order to ascertain the a mount 
in the pressure vessel. After the pressure-te mperature runs the sample 
is recovered and we ighe d as a check on the initial dete rmination. 
An alternative procedure for determining the amount of sample in 
the fixed volume is to expand it to about one bar and measure the pressure. 
This procedure determines the normal volume - thrtt is, the volume occupie d 
by the mass of gas at a standard temperature and pressure where the 
equation of state is we ll known, which is usually o0 c and about one bar. 
Corrections need to be made for sample .gas contained in the dead spaces 
of both the high-pressure vessel and the normal volume apparatus. 
Experiments have been performed u s ing this constant-volume, normal - volume 
technique by many groups including: David and Ha!nann (1953), Abraha m and 
Bennett (1960) and Stratyand Prydz (1970). 
A variation on the previous method has b een used by White, Rubin, 
Camky and Johnston (1960) in the low tempe rature region to measure the 
second virial coefficient of h e lium . At the comp letion of the pressure-
temperature measurements a valve was closed isolating the test vessel 
after which the gas in the dead spaces was pumped away. The sample still 
remaining in the pressure vessel was then expanded to low pressure to 
d e termine the amount of gas. 
A further variation on the constant-volume, normal-volume technique 
is that used by Nich2ls, Wassenaar and Zwietering (1952). Other groups 
have generally used mercury-filled devices to ensure that the constant 
volume remains constant and to separate the sample gas from the oil of a 
free-piston gauge but Michels et al. have used a null pressure-indicating 
diaphragm. 
A method developed by Bean, and bearing his name, expands a gas from 
a high-pressure bomb of known volume into a calibrated burette at about 
atmospheric pressure. The apparatus is shown in figure 3.16. This 
method is d escribed by Bloomer (1952) and Solbrig and Ellington (1963). 
The quantity of gas can be determined from a summation of the increments 
measured at low pressure. This procedure differs from the Burnett 
method (section 3.1.4.4) in that for each expansion the pressure is 
decreased by about equal increments while in the Burnett method the 
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pressure is halved on each expansion. A plot of pv versus p will yield 
a value of the second virial coefficient as given in the truncated 
pressure series: 
pv RT+ B'p (3 .19) 
3.1.4.2 Boyle Type Compressions 
The variation in compression methods used at high pressures for 
determining second virial coefficients is not very great. The simplest 
free compression type of apparatus in which a sample is compressed by 
mercury inside a capillary tube was used by Connolly and Kandalic (1960), 
figure 3.17. The volume of the sample gas was determined by sighting on 
the mercury interface in a calibrated capillary with a cathetometer 
allowing for meniscus effects and the expansion of the glass. Walters 
and Smith (1952) determined the position of the mercury/sample gas interface 
by using a resistance wire placed along the length of the capillary with a 
small float to sit on the mercury surface. The technique used by a 
number of research groups including Day and Felsing (1952) ai1d Cherney, 
Marchman and York (1949) determines the volume of the gas by measuring the 
amount of mercury that is used to compress the gas. 
used at up to 1500 bars. 
This method has been 
Similar to the free volume type of compression apparatus is the fixed 
volume compression apparatus used by Schamp, Mason, Richardson and Altman 
(1958) and Michels, Michels and Wouters (1935), figure 3.18. The gas 
burette consists of a number of calibrated bulbs connected by capillary 
tubes into which the sample gas is compressed. The mercury or oil 
compressing fluid also surrounds the burette so that there is no pressure 
difference across it. 
Data from these types of experiments are usually fitted to an 
equation of the form: 
VACUUM PRESSURE 
ME'A SURE ME NT 
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R'l'(l + Bp + Cp ) 
3.1.4.3 Constant Volume Gas Thermometer 
(3.20) 
Constant volume gas thermometers have been used very infrequently 
at high pressures for the determination of second virial coefficients 
(Cox and Lawrenson (1973)). 
3.1.4.4 Burnett Method 
A method that has found use, mainly in North America, for t!1e 
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determination of second virial coefficients is that developed by Burnett 
(1936) in 1936. In this type of apparatus, shown in figure 3.19, the 
sample is put into the first of two fixed but different volumes. The 
pressure is measured. The valve connecting the two volumes is opened 
and the sample is allowed to attain equilibrium within the now increased. 
volume. Once the pressure reading is taken the valve is closed and tne 
gas in the second volume is pumped away leaving the volume evacuated. 
The remaining sample gas which is now contained wholly in the first volume 
is once again allowed to expand to occupy the two volumes when the pressure 
is measured a further time. This operation is repeated until the pressure 
becomes too low for accurate measurements to be taken. The advantages of 
this method are: (1) that accurate volume determinations are not necessary, 
(2) there is no need to measure the amount of gaseous sample in the 
apparatus, (3) the apparatus is mercury free and can therefore be used to 
relatively high temperatures. However, this method cannot be used in the 
regions where pV is changing rapidly with p, in the liquid or two-phase 
region or near the saturated vapour pressure. Although this method has 
not found widespread use, there are available Burnett apparatus' from a 
few commercial manufacturers of instruments.* 
*Chandler Engineering Company, Oklahoma, U.S.A. 
Ruska Instrument Corporation, Texas, U.S.A. 
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But before the xth expansion when the sample is confined to volume v1 : 
== z 1n · 1RT x - x-
and since nx- l == nx, then 
Px_lvl z x-1 
== 
px (V l+V 2) z 
X 
hence 
px-1 z x-1 = N 




For the first x expansions there are similar expressions for each and 







where the subscript, o, indicates the initial condition. A plot of 
PX 
--versus p provides a value of the apparatus constant. However, 
px-1 X 
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extrapolation over wide pressure ranges could give rise to an inaccurate 
value of N since errors in zk-l are introduced into zk and so on. In 
order to avoid this problem it has bee n s ugge sted that the apparatus 
constant be obtained from an experiment done with a perfect 1as, such as 
helium, where a plot of p /p 1 versus px will be very nearly linear. X X-
The only disadvantage with this procedure is that it assumes that the 
apparatus constant will not change with time. 
The basic Burnett equations, which are usually written in terms of 
compress ibilities, can also be written in terms of the symbols of the 
virial equation truncated to the second term. 
pV = n(RT + B'p) 
Before the first expansion from the first vessel we have: 





After the first expansion when both vessels are at the same pressure, p 1 : 
P1 (Vl + V2) 




From the latter two equations we have: 
B' 
N + (N - 1) RT po (3 . 31) 
For each exp~nsion an equation of this form may be written such that a. 
B' 
plot of P/.Pj+l versus pj will have a slope of RT (N-1) and an intercept 
at p, = 0 of N. 
J 
Having determined a value of N the second virial 
coefficient, B'; may then be calculated from the slope. 
The Burnett method in its basic form has been used by a number of 
workers, among them being: Anderson, Kudchadker and Eubank (1968), Hirth and 
Kobe (1961) and Moreland, McKetta and Silberberg (1967). Hall and Eubank 
(1974) have suggested a variation, figure 3.20, which they claim offers a 
number of advantages over the conventional Burnett apparatus, the main one 
being that of simplicity. 
3.1.5 Other Experimental Methods 
All of the experimental methods mentioned previously determine second 
virial coefficients by measuring p-V-T properties. One of the major 
difficulties in dir~ct p-V-T measurements is that of calibrating and 
measuring volumes. This can be surmounted by the measurement of some 
other intrinsic property which depends on gas non-ideality. 
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3.1.5.l Sound Velocity 
The velocity of sound is a property that depends on real gas behaviour. 
Measuring the velocity of sound at constant temperature and at a series of 
pressures from which second virial coefficients may be calculated avoids 
the measurement of volume. 
A low amplitude, variable frequency signal, emitted at one end of a 
closed resonance tube with fixed ends and reflected at the other, defines 
a sequence of standing waves which permits calculation of the sonic velocity 
in the confined gas at a given temperature and pressure. 
The velncity of sound in a real gas may be described by the equation: 
2 
C (3.32} 
where A is tne velocity of sound in a perfect gas, squared, and 
0 
Al is giben by 
yo[ 4 dB M 2B (T) + -p dT + (3.33} 
where y is the ratio of the heat capacity at constant pressure to that 
0 
at constant volume, and Mis the molar mass-. 
At low temperatures, where these sound velocity measurements are 
usually carried out, the temperature dependence of the second virial 
coefficient can be represented, Williamson (1964) by the relation: 
B(T) a+ S/T 
where a and Sare constants. 
yo 6B 




A plot of A1 from the sound velocity measurements versus T will yield 
values of a and S from which second virial coefficients may be found. 
This method has been used by Grimsrud and Werntz (1967) for the 
determination of second virial coefficients of helium. 
3.1.5.2 Refractive Index 
Measurements of refractive index at constant temperature can be used 
to determinesecond virial coefficients as shown by Ashton and Guggenheim 
(1956). One cell of a Rayleigh interference refractometer is kept 
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evacuated while the other is filled with the sample gas at a measured 
pressure. A small amount of the sample gas is bled out of the cell 
arid the pressure measured while the number of rings displaced is counted. 
This procedure is followed until the sample gas is'all removed from the 




where xis the number of fringes displaces, 
(3.36) 
A is the wavelength of the li0ht source used, in a vacuum, 
Lis the length of the refractometer tube. 
Using the relation for the molar polarisation,. P, 
p = [ n: - 1 ] V 
n + 2 
(3.37) 
where vis the molar volume, and P may be expressed as a function of 
density by the relation 
p = Po (1 + f + ... ) (3.38) 
V 
where P0 is the limiting value of Pat zero density and Sis the 
refractivity second virial coefficient which is a function of temperature. 
Substitution of this into the virial equation 
pv 
gives 
[ n:-1 ] 
n +2 
Since 8 is 
written as: 











less than the experimental error of B, the equation may be 
RT -
p 
Po(l - Bp) 
RT 
(3.41) 
and hence B may be calculated from measurements of refractive index and 
pressure. 
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3.1.5.3 Joule-Thomson Coefficients 
The Joule-Thomson coefficients, both isothermal and i s enthalpic, 
have been used to determine second virial coefficients. These methods 
have the advantage that unlike the direct methods they do not measure 
differences between two large numbers. Also there is no adsorption 
problem associated with this type of method. The isenthalpic coefficient 
(aT) =µ,is related to the isothermal coefficient, 
ap H 
relationship 
qi = - µ Cp 
aH 
(~) = ¢, by the 
op T 
(3.42) 
Francis, McGlashan and Wormald (1969) and Charnley, Isles and Townley 
(1953) have measu red isotherma l Joule-Thomson coefficients by passing 
the test gas through a valve or porous plug. The gas flows through the 
throttle at a known flow rate with the initial temperature being measured. 
The gas temperature changes as it flows through the throttle but on the 
downstream side it is heated or cooled to attain its original temperature, 
with the amount of energy required to do this being measured. The 
pressure drop across the throttle is also measured. The isothermal 
Joule- Thomson coefficient, ¢, is given by: 
H - H 
Jp2 
¢ 
(p2) (pl) 1 
[v 
T(dv) ] dp (3.43) = 
i?2 - P1 p2-pl pl dT p 
where the subscripts 1 and 2 refer to the upstream and downstream sides 
of the throttle. 
If the equation of state is written as: 
pv _ = RT + B I p + ( C - B1 2 ) p 2 /RT (3. 44) 
then from the two latter equations and the integration 
¢ = (3.45) 
where c• - (C - a 2 )/RT. 
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On a plot of the measured quantity, ¢, 
1 
versus 2 (p1 + p2), the intercept 
1 




at 2(pl + = 0 - T d'r and the slope is C' - T --dT 
dB' 
From the values of the intercepts, a graph of B' - T -- versus Twas 
dT 
plotted to which was fitted a curve of the form 
B = X + yz/T 
e 
(3.46) 
where X, Y and z are constants. The values obtained by Francis, 
McGlashan and Wormald (1969) using this method agreed well with values 
in the literature obtained by direct p-V-T measurements. 
The adiabatic Joule-Thomson coefficient, ( dT) . d . ~ , is etermined by 
op H . 
measuring the temperature difference across a throttling device at a 
constant pressure drop. There are three types of throttling devices 
that have been used for this: valves or orifices, axial- flow porous 
plugs, and radial-flow porous plugs. 
The valve or an orifice, which was initially used for the determination 
of Joule-Thomson coefficients, has not been used as frequently as either 
of the porous plugs, both of which are shown in figure 3.21. These 
devices can be easily constructed but one of their major drawbacks is 
that of heat leaks. This problem can, to a certain extent, be overcome 
by constructing the throttle from thermally non- conducting material as did 
Johnson (1946). Patee and Brown (1934) and Stockett and Wenzel (1964), 
among others, have used these devices for determining Joule-Thomson 
coefficients. 
The axial-flow porous plug still has a heat leak problem as does the 
valve but this leakage is not as great as for the valve. The only 
advantage that an axial-flow porous plug has over the radial-flow porous 
plug is that of ease of fabrication, as pointed out by King and Potter 
(1962). 
Most of the experimental Joule-Thomson coefficients are measured 
using a radial-flowporous plug. Burnett (1923) and Sage, Kennedy and 
Lacey (1936) used this type of device. While the axial-flow porous plug 
has a reduced heat loss when compared with the valve, the radial-flow 
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porous plug is better still. 
Since ¢ = -µcp, then 
µ 
1 dB' 
Cp (B' - T dT) (3.47) 
if the third and higher virial coefficients are considered to be negligible. 
3.1.5.4 Rapid Compressions/Expansions 
Devices developed by Slawsky, Seigel, Ho, Kopp and Van der Slice 
(1959) have been usedto study gas behaviour. They observed the behaviour 
of gases undergoing rapid dynamic processes, either compressions or 
expansions. The data obtained initially from these devices are isentropic 
pressure- density curves. 
3.1.5.5 Nuclear Magnetic Resonance 
It has been suggested by Lipsicas, Bloom and Muller (1961) that 
nuclear magnetic resonance measurements can be used for obtaining the 
compressibilities of gases whose nuclei have a non- zero spin. This 
technique uses a reference gas whose compressibility is well known at 
the conditions of the experiment and in the same apparatus to obtain the 
apparatus constant. Although not providing extremely accurate 
compressibility data for the test gas (of the order of a few percent) 
it could be useful for obtaining p - V-T data where speed rather than 
accuracy is important. 
3.1.5.6 Clapeyron Equation 
It is possible to determine second virial coefficients from a 
combination of vapour pressure measurements and the latent heat of 
vaporisation using the Clapeyron equation. This method is most useful 
when the nature of the substance makes it unsuitable to use one of the 
more usual methods. 
dp 
T 
The Clapeyron equation is: 
(3.48) 
where 6v = vg - v 1 and is the molar volume change on vaporisation 
while vg and v 1 are the molar volumes of the gas and liquid phases 
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respectively. Substituting for v from the truncated pressure series 
g 
virial equation, the Clapeyron equation becomes: 
B' == 
Lrn dT RT --+ V -
T dp 1 p 
(3.49) 
Ashton, Finke,Bestul, Pace and Szasc (1946) have used this equation to 
determine second virial coefficients of but-1-ene. A curve was fitted 
to the vapour pressure-temperature data after which it was differentiated 
and the slope evaluated at various temperatures. From data that were 
available the molar latent heat of vaporisation was know,n. This 
information was substituted into the above equation to yield a value of B'. 
During experiments to determine the heat of vaporisation, it is not, 
unusual to measure also the vapour he2t capacity as a function of 
temperature. These values can be used as a check on the values of the 
second virial coefficients through the relation 
( 3. 50) 
There have been a large number of publications containing second virial 
coefficients from the experimental work of McCullough and his co-workers 
using this technique, for example: McCullouch, Scott, Finke, Gross, 
Williamson, Pennington, Waddington and Huffman (1952), Waddington, Todd~ 
and Huffman (1947), McCullough, Scott, Pennington, Hossenlopp and 
Waddington (1954) and McCullough, Pennington and Waddington (1952). 
3.2 Experimental Methods for the Determination of Virial Coefficients 
of Gaseous Mixtures 
All of the experimental techniques described in the previous sections 
may be used to determine the second virial coefficient of mixtures. There 
are, however, a few methods that are applicable only to gas mixtures. 
Differential p-V-T methods: One interaction virial coefficient 
method, used by Knobler, Beenakker and Knaap (1959), is shown in figure 
3 . 22 where two pure gases were initially held at the same pressure in two 
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of the bulbs of the apparatus. A third reference bulb was also held at 
this pressure while all three were held at constant temperature. The 
two bulbs in which the pure gases were held were connected and the 
contents mixed, after which the resulting pressure was compared with 




p 2E 2 pl) 
= + p, 2 (1 + B11p1 ) 4plp2 ]. 
where pi is the initial pressure, 
6p is the pressure change on mixing, 
p1 and p 2 are the pure component densities, 
B11 is the virial coefficient o f pure component l 




in which B22 is the virial coefficient of pure component 2 and 
B12 is the interaction virial coefficient. 
A similar method, used by Edwards and Roseveare (1942), measures 
the volume change on mixing. The value of the second virial coefficient 
is given by: 
(3.53) 
where 6v is the volume change on mixing at constant pressure and 
n is the total number of moles in the system, x 1 and x 2 are the mole 
fractions of the two gases, while B11 and B22 are the pure component 
virial coefficients, if the virial equation of state is truncated at 
the second virial coefficient. 
Solubility method: When a solid or liquid is placed in contact with 
a compressed gas some of the liquid or solid forms a binary mixture with 
the gas. The deviations from ideal solubility of the solid and the gas 
are measured and the second virial coefficient calculated after making 
corrections for the amount of gas that has become dissolved in the solid 
or liquid. Kretschmer and Wiebe (1951) have used this method for the 
solubility of propane and butane in ethanol. 






The second virial coefficient 
(3.54) 
0 
where c 2/c2 is the ratio of the vapour concentrations in the presence 
and absence r2spectively of the compressed gas, v 2 is the molar volume 
of the condensed phase, and vis the molar volume of the gas mixture. 
0 
A plot of v versus ln(c 2/c2 ) will provide a value of B12 . Najour and 
King (1966) have used this method to find the virial coefficient of 
mixtures of naphthalene with methane, ethylene and carbon dioxide. 
The concentration of the naphthalene in the various compressed gases wa~-
determined spectrophotometrically _ 
Chromatography measurements: A relatively new experimental technique 
for determining mixed second virial coefficients is that suggested by 
Everett and Stoddart (1961) which has subsequently been used by a nwnber 
of other workers; for example: Cruickshank and Young (1966) and 
Vigdergauz and Semkin (1971). This experimental technique uses gas-liquid 
chromatography to provide the data from which the second virial coefficients 
are calculated. A logarithmic function of the retention volume is 
extrapolated to zero pressure. The intercept, the net retention volume 
at zero pressure, is related to the second virial coefficient of the 
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4. THE PROPOSED METHOD 
4.1 Introduction 
The experimental virial coefficient work in the Department of 
Chemical Engineering was commenced by Dr S.P. O'Neil who built a crude 
version of the apparatus described here from which he obtained some rough 
results. These wer8 very badly scattered but they provided the impetus 
to carry on with this work. Dr M.V. Pandya built an improved version of 
the apparatus and obtained the results which are included with all the 
other second virial coefficients in figure 6.5. These results looked 
most promising but varied from the generally accepted values sufficiently 
to warrant fu:r:ther investigation. The apparatus d escribed here is a 
redesigned and rebuilt version of tha~ used by Pandya with some improvements 
such as keeping the central valve arrangement out of contact with the oil 
bath oil. 
4.2 Outline of the Proposed Method 
Consider a simple apparatus consisting of two bulbs connected with a 
valve in between as shown in fi<_;ure 4.1. A sample is loaded into volume 
1 where its pressure is measured. The gas is then expanded to fill both 
volumes and its pressure is again measured. A third pressure measurement . 
is made with all of the sample contained in volume 2. At each pressure a 
truncated pressure series virial equation can be written as shown below. 
plVl = nRT + nB'p 1 
2 




(4. 2) p2V2 = nRT + + nC'p 2 2 
P3(Vl+V2) nB'p 
2 
( 4. 3) = nRT + + nC'p 
3 3 
By substituting the values of v1 and v2 from equations 4.land 4.2 
respectively into equation 4.3, it becomes: 
(4. 4) 




BI + CI (p + p - p ) 
1 2 -- 3 (4. 5) 
It then follows that a plot of B' versus the pressure term 
apparent 
(p1 + p 2 - p 3 ) will have an intercept at zero pressure of B' and a 
slope of C'. 
4.3 Detailed Development of the Method and the Equations Used 
To measure the three pressures necessary for this method, at constant 
temperature, and use butonemanometcr, an additional section is necessary. 
This consists of a small volume, 6v, to which is attached a differential 
pressure transducer and one other valve. This extra section is placed 
between the two bulbs as shown in figure 4.2. 
The condensable gas under investigation was introduced into the first 
volume while the second was kept evacuated and the pressure of the gas 
occupying (v1 + 6v) measured. _The gas was then allowed to expand to 
occupy both volumes with the pressure being measured again. The gas was 
then transferred completely into the second volume, after which the 
pressure of the gas occupying the volume (V 2 + 6V) was measured. After 
these three pressures were measured with the gas of one loading, more gas 
was added and the procedure repeated. Successive samples were added 
until the maximum pressure for each loading approached either one bar or 
the saturation vapour pressure. 
Three truncated pressure series virial equations can be written for 
each loading of n moles at constant temperature corresponding to the 
three volumes used. 
pl (V1 6v) nB'p 
2 
(4. 6) + = nRT + + nC'p 1 1 
P2 (V2 + 6v) nB'p 
2 
( 4. 7) = nRT + + nC'p 2 2 
P3 (Vl 6V) 
2 
(4. 8) + v2 + = nRT + nB 1 p 3 + nC 1 p 3 
By eliminating v 1 and v 2 from equations ~.6, 4.7 and 4.8, an equation 
similar to the simple expression of equation 4.4 can be obtained as 
follows: 
B' + C' (p 1 + P2 - p ) 3 
1 1 
If B' - RT(- -apparent P3 pl 
then B' = apparent 
and B' 
1 1 
















1 1 1 6v 
(RT (- - - - -) + --;;> versus p1 + P2 - P3 
P3 pl P2 
Consequently a plot of 
yields B' as the intercept and C' as the limiting slope of the plot. 
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If the term in C and all higher terms of the density series virial 
equation are zero, then the three equations applicable to each loading 
of the apparatus are as follows: 
n n 2 
P1 = (V + 6V)RT + (V 6v> BRT + 
1 1 
(4 .13) 
n n 2 
P2 = (V 6V)RT + (V 6v> BRT + + 2 2 
(4.14) 
n n 2 
P3 (V 6V)RT + (V 6V) BRT + v2 + + v2 + 1 1 
(4.15) 
After eliminating v1 and v2 from these equations, an iterative process was 
used that chose an initial value of B, decided if this value satisfied the 
resulting equation and then chose· a better value of B. The procedure was-
then repeated until the chosen value of B satisfied the equation. 
Similarly to the pressure series· case a value of the "true" second virial 
coefficient can be found by plotting these density series virial 
coefficients against (p1 + p 2 - p 3) and extrapolating to zero pressure. 
If either of the pressure or density series virial equations is 
inverted into the other and coe fficients equated, t hen the following 
results are obtained: 
B = B' 
and C B'B + C'RT = B2 + C'RT 
(4.16) 
(4.17) 
Hence, in both of the analyses described a value of the second virial 
coefficient is obtained by extrapolating to zero pressure. Therefore 
a test of the accuracy of this method would be coincident intercepts. 
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4.4 Error Analysis 
The three truncated pres sure series equations relevant to this me thod 
are of the type 
p.V. = nRT + nB'p, 
i i i 
(4.18) 
where i = 1, 3 corresponding to the sample gas confined in volume 1, 
volume 2 and spread between both volumes respectively. An equation 
incorporating the errors can also be written in the form: 
(p. + Op. ) (V. + 6.V + ov. ) = (n + On. ) R (T + OT.) + (n + On. ) BI (p. +op. ) 
i i i i i i i i i 
(4.19) 
where Op. is the observation error in the p ~essu:re measurement 
i 
OV. is allowi ng for any change in volume s uch tha t t he sum o f 
i 
v1 and v 2 does not equal v 3 
On. is a change in the amount of gas pres ent because of adsorption 
i 
effects or incomplete distillati.ons. 
To a first approximation this becomes 
p.V. + p.6.V + p.OV. + V, Op, + 6-Vop . 
i i i i i i i i 
nRT + nROT. + On.RT+ nB'p . 
1 1 l 
+ nB'op. + on.Bp. 
i i i 
(4.20) 
By adding to the equation in which i = 1, the equation where i = 2 and 
subtracting from the sum the equation in which i = 3, the following 
result is obta ined: 
l l !:_) 6-V l l V 3op3 Vip2 
v10P1 
B' = {RT(- -'- +- -(ov - ov - ov ) -( 













n P3 P2 P1 P3 P2 P1 n P3 P2 pl 
op3 op2 opl B' 
- On - On) + B' (-- - -) + -(on (4.21) 
P3 P2 pl n 3 2 1 
If it is assumed that I ov 3 I = lov2 I = lo v1 I 
l0P3I I OP2 I = l0P1I 
l0T3I = l0T2I = l0T1I 
I on3 I = lon2I = lonll 
) 
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and expressing the error equation in terms of the highest pressure, p 1 , 
and the corresponding volume, v1 , we obtain 
B' 
obs 
B' 1± 36V ± op(6V + 46V) ± rea n np 
40TR RT 
± -(2on - 2on1 ) p pn 3 
. (4. 22) 
where D'b is the value of B' calculated from the experimentally measured 
0 S · 





















(RT/ . lean - On3) + 4B'Op + 2B'RT (on - On ) 
p V 1 p pV l 3 
Distillation error: When adding a sample to the apparatus during an 
experimental run, the degree of completion of any distillation could be 
( 4. 24) 
observed on the Pirani gauge. For any addition, the maximum increase in 
-2 
pressure at the end of the distillation was 0.4 Nm 
. . 
-7 
to a on of about 3 x 10 moles. 
This corresponds 
Pressure reading error: For any one reading, the cathetometer could be 
read to within ±2.65 N m- 2 which then contributes an error of ±5.3 N m- 2 
The coefficient of linear expansion of silica glass as given by Perry 
(4th edition) is of the order of 4 x 10- 7 K- 1 . The silica glais scale 
was calibrated at 20°c and for a very extreme case of a reading being taken 
. o -2 5 -2 
at 30 Can error of 0.4 Nm on a pressure of 0.8 x 10 Nm is 
introduced. This is negligible in relation to this experiment considering 
the extremeness of this case. Zero variations bf the pressure transducer, 
which were checked at the completion of each experimental run, were of the 
-2 
order of 4.0 Nm . 
9.3 Nm 
-2 
Hence the total maximum pressure reading error was 
qq 
Temper3.t'ure error: Over a period of several days the maximum change in 
temperature of the oil bath, as shown by a Beckmann thermometer, was 0.04 K. 
The figures in table 4.1 were calculated assuming that: R = 8.314 
-1 -1 
300 B' -1.5 10- 3 
3 - 1 
1.5 10-3 
3 
Nm mol K I T = K, = X m mol , V = X m I 
on = 10-6 mole, op = 9.3 Nm 
-2 
I and OT = 0.02 K, ::o.ince over the period of 
time for the three pressure measurements necessary the temperature did 
not change by more than this. 
These figures in table 4.1 are the maximum possible errors. The 
probable errors are much less than this. The pressure transducer zero 
-2 
shift has been pu~ at 4.0 Nm in the analysis but this occurred over 
a complete run. A probable zero shift over the time necessary' for the 
-2 
pressur8 readings for one value of B' would be 0.65 Nm . In 
apparent 
the measuring of one pressure difference, three readings were taken for 
each mercury height so that the error in the pressures from which the 
second virial coefficient was calculated could be divided by /3 (Topping 
(1955)). Since it is most unlikely that each probable error is a maximum 
all the time, the probable error in B' will be assigned by taking the 
square root of the sum of the squares of the first two error sources in 
table 4.1 and adding the remaining contributions. The results are shown 
in table 4.2. 
In their paper, McGlashan and Potter (1962) have plotted expected 
magnitudes of loB' I versus the starting pressure for each compression. 
It is of interest to plot the expected values of oB' from their work and 
those for this work. McGlashan and Potter obtained two curves, one for 
each virial coefficient, based on the starting pressure for each 
compression. If, however, instead of the starting pressure for each 
compression, the maximum pressure is used, these two lines become almost 
coincident. If a smooth line is placed through these two sets of points, 
the error contribution from the pressure measurement of this work, 
assuming the same pressure measurement accuracy as McGlashan and Potter, 
falls exactly on that line as shown in figure 4.3 . Although the .pressure 
measurement error is the major component in the total probable error, 
there are other uncertainties, as shown in table 4.2, which add to it 
to make the total probable error. 
plotted in fi~ure 4.3. 
This total probable error is also 
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5.1 Description of the Apparatus 
A line diagram of the apparatus is shown in figure 5.1. The vacuum 
to the apparatus was provided by an "Edwards" two-stage rotary vacuum 
pump, model 2SC20A (1) and an "Edwards Speedivac" mercury vapo~ir diffusion 
pump, model EMl (4). Cold traps (3) and (5), immersed in liquid air, 
removed moisture, organic vapours and mercury from the system. 
The mercury-in-glass manometer (6) was mounted on a rigid f~ame 
positioned between a fluorescent lamp and the cathetometer (23). The 
manometer was a U-tube manometer constructed of 20 mm bore tubing. A 
"Wild" model KM342 cathetometer was used to read the mercury levels in 
the manometer. This cathetometer, which measured the nitrogen pressure, 
had a one metre silica glass scale ruled in intervals of 0.1 mm to an 
accuracy of ±0.01 mm and could be read to within 0.02 mm or better. 
The nitrogen gas which was used to nearly balance the cell sample gas 
pressure was drawn from a "New Zealand Industrial Gases Ltd" cylinder (8). 
This was connected to the apparatus , together with a mercury safety valve 
(9) to ensure that the pressure did not rise above one atmosphere. The 
nitrogen gas which was dried in a U-tube containing molecular sieve (10) 
passed into the apparatus through taps N2, N3 and N4. N3 was an 
"Edwards" fine-control needle valve, type Osle, which allowed the nitrogen 
to be bled out slowly to ensure that the differential pressure transducer 
had a slightly greater pressure on the nitrogen side than on the cell side. 
This bleeding out process was accomplished by opening stopcock Nl to the 
vacuum system. 
The degassing and loading manifold (11) could be isolated from the 
rest of the apparatus by stopcocks G4 and GS which were oriented in such 
a way that the PTFE seals seated on the surface on the apparatus side of 
the stopcock. The sample ampoule (12) was connected to this manifold by 
a greased B10/19 "Quickfit" ground-glass vacuum cone and socket , while a 
"Young" stopcock (G6) was jolned to the manifold so that the manifold could 
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be let down to atmosphere in order to release the ampoule for weighing . 
The oil bath (13) of about 75 litres capacity contained "Shell Diala 
BX" transformer .oil stirred by an impeller driven by a 185 W electric 
motor (19). The energy required to maintain the oil bath at a constant 
temperature was provided by two heaters. The first of these, a one kW 
immersion heater (14) whose voltage supply was controlled by a "Variac", 
provided about 85% of the required energy. The second heater was a 
"pyrotenax" heater surrounding the stirrer shaft which provided the 
remainder of the energy as required by the temperature controller. The 
S.C.R. temperature controller (Martin) was connected to the thermistor 
(16) immersed in the oil bath. 
Partially immersed in the oil bath was a metal box (18) which had an 
asbestos lid. This was installed to house the metallic portion of the 
apparatus between the two glass cells so that if a leak developed in t he 
metal joints then oil would not leak into the apparatus. To ensure that 
the inside of this container was at the same t emperature as the oil bath, 
two fifteen watt pigmy lightbulbs in series with a "Variac" were installed. 
A mercury-in-glass thermometer was placed in this box to measure the 
temperature. The "Variac" was set so that the temperature of the 
contents of this box were the same as the oil bath. The metal tube 
between the Hoke valves H2 and H3 was stainless steel and out of this 
protruded a smaller diameter copper tube terminating in a "Cajon V.C.R." 
vacuum coupling gland and female nut. The other stubs of H2 and H3, as 
well as the two stubs on Hl, were joined to copper tubes which were in 
turn joined to glass-to-metal seals. . The female nut for the "Cajon" 
fitting was screwed to a "Cajon V.C.R." male connector, with an aluminium 
gasket placed between the connector and the gland,which was in turn screwed 
into the negative pressure port _of the differential pressure 'cell (19). 
This differential pressure transducer was a "Pace" P7D±O.l psi model 
transducer which was coupled to a "Pace" CDlO carrier demodulator. The 
output of ±10 volts d.c. was recorded on a "Toa" model EPR-2TC chart 
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recorder which was used on the range of full-scale deflection 
-2 
corresponding to 33.3 Nm pressure differential. The positive pressure 
port of the differential pressure transducer was connected through another 
"Cajon V.C.R." vacuum fitting to a copper tube to a glass-to-metal seal 
to the nitrogen side of the manometer and to the pressure jackets of the 
glass cells (20) an3 (21). 
The sample gas containers (20) and (21) 3t the core of the apparatus, 
were constructed of glass by Mr F. Downing of the Chemistry Department. 
Since the analysis of the results did not require that the volumes of 
these cells be known exactly, they were m~~e to approximately the same 
size of 1.5 x 10- 3 m3 . A cold finger for liquid air extended into the 
inner portion of each of the double- w~lled cells to provide for the 
distillation of condensable material into t-hem. The cells were double-
walled with nitrogen gas being used insi~e the outer wall so that there 
would be no distortion caused by any pressure differential existing 
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"Edwards" two-stage rotary vacuum pump, model 2SC20A. 
-3 3 
10 m glass globe. 
Liquid air cooled cold trap. 
"Edwards Speedivac" mercury vapour diffusion vacuum pump with a 
350 watt heater, model E.M.l. 
Liquid air cooled cold trap. 
Mercury-in-glass manometer. 
Liquid air cooled cold trap. 






9. Mercury safety valve to allow ~itrogen to escape should the pressure 






AU-tube containing molecular sieve to dry the nitrogen gas. 
Degassing manifold with two distillation fingers and a Bl0/19 
"Quickfit" socket for connecting the sample ampoule. 
Sample ampoule with a Bl0/19 cone for attachment to the degassing 
manifold and a "Young" teflon/glass se':lling tap. 
3 
Constant temperature oil bath of approximately 0.075 m capacity 
containing "Shell Diala BX" transformer oil. 
Main heater for the oil bath. 
series with a "Variac". 
Electric immersion 1 kW heater in 
15. Intermittent "pyrotenax" heater connected to a S.C.R. temperature 
controller and a thermistor (16). 
16. Thermistor for the oil bath temperature control. 
17. A 185 W "Crompton Parkinson" electric motor attached to the oil 
bath stirrer. 
18. A metal box .with an asbestos top partially immersed in the oil bath. 
This box_ contained two 15 W pigrny lightbulbs, supplied through a 
"Variac", to ensure that the air inside was at the same temperature 
as the oil bath. Also housed in this box were the three "Hoke" 
valves, Hl, H2 and H3, and the "Pace" differential pressure 
transducer (19). 
19. "Pace" P7D±0. l psi magnetic reluctance differential pressure 
transducer (connected to a "Pace" model CDl0 carrier demodulator 
and a "Toa" model EPR-2TC chart recorder). 
20. Glass double-walled cell of approximately l.Sxl0-3 m3 capacity. 
A cold finger for liquid air distillations extended to about two-
thirds of the depth of the inner portion of the cell. The outer 
part of the cell, for the nitrogen equalising pressure, was about 
1.5 cm from the inner part. 
21. A· glass cell similar to (20) and connected to it by glass- to-metal 
seals, a length of stainless steel tubing and two "Hoke" valves. 
22. "Edwards Speedivac" Pirani vacuum gauge head, model G6B, connected 
to an "Edwards" model BS gauge. 
23. "Wild model KM342 cathetometer. 
Hl, H2 and H3 are "Hoke " all- metal diaphragm vacuum taps, 
4600 s e ries. 
Vl, V2, V3, V4, Gl, G2, G3, Nl, N2 and N3 are all ground- glass 
vacuum stopcocks. 
G4, GS, G6 and G7 are "Young" high-vacuum stopcocks. 
N3 is an "Edwards Speedivac" needle valve, type Osle. 
The complete apparatus was housed in a constant humidity/constant 
tempe rature room. I 
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5.2 Operating Procedure 
The initial step with each experimental run was to evacuate the 
whole system. .An indication of total vacuum, apart from the Pirani 
gauge, was the differential pressure transducer's recorder output. 
When the trace on this recorder was unchanging, the recorder itself was 
I 
zeroed,.after which the carrier demodulator zero was set so that a zero 
pressure differential corresponded to zero volts as shown by the recorder. 
At this point the nitrogen side of the system was isolated and a positive 
pressure, in excess of that anticipated for the first sample loading, was 
applied. 
The "Hoke',- valves HJ and H2 were shut, as were the stopcocks GJ and 
G4,to isolate· the degassing and loading manifolds. Liquid air was then 
poured into the cold finger of cell I prior to opening the stopcock G7. 
After the desired amount of sample had evaporated from the sample ampcule, 
G7 was closed and an hour later when the Pirani gauge read, at the most, 
-2 
0 . 3 Nm the "Hoke" valve Hl was shut. During this period it was 
ensured that adequate liquid air remained in the cold finger. Once Hl 
was shut the "Hoke" valve H2 was opened in preparation for the first 
pressure measurement. A thermometer was hung in the cold finger to give 
an indication as to when the contents of cell I (20) were at the oil bath 
temperature. While this was occurring the stopcock GS was closed and Gl 
opened to allow the removal of the sample ampoule (12) which was weighed 
to determine the amount of sample loaded. 
Generally up to three hours were allowed to elapse between the loading 
of a sample and the first pressure measurement. Over this period of time 
the nitrogen gas pressure was decreased to facilitate steady state being 
achieved. Care was taken to ensure that the nitrogen side of the pressure 
transducer was at a greater pressure than the sample side. ·with the 
recorder on the same range as used for the calibration of the differential 
pressure transducer, the nitrogen pressure was brought to about 25 N m- 2 
above that exerted by the sample gas. The pressure of the nitrogen was 
then read from the manometer after which the correction was made for the 
pressure transducer offset from the null point. No correction was 
necessary for the expansion of the silica glass scale of the 
cathetometer. 
Once the necessary readings for the pressure of the sample gas in 
cell I (20} had been obtained, the "Hoke" valve H3 was opened to allow 
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the gas to expand into the whole apparatus and fill the second cell (21}. 
After about an hour, during which time the nitrogen gas pressure was 
reduced to a point approaching the null point of the differential pressure 
transducer, the required pressure and temperature readings were taken. 
At this juncture the nitrogen pressure was increased to a value in 
excess of that recorded for the sample when contained in cell I. A 
liquid air distillation was performed to transfer the sample across to 
cell II for which an hour was allowed. After this hour had elapsed, the 
"Hoke" valve H2 was closed to confine the sample to cell II. A similar 
procedure for measuring the pressure of the sample gas in cell II was 
carried out like the two previous measurements. 
On completion of this step, another liquid air distillation was 
carried out, after opening H2, to transfer the sample back to cell I. 
After an hour had elapsed, H3 and I-!2 were shut. With the loading and 
degassing manifolds isolated the "Hoke" valve Hl was opened with any 
pressure rise, as shown by the Pirani gauge, being noted. Should there 
be no pressure rise an addition of some more sample gas to the amount 
already within the apparatus was made. 
This whole procedure was repeated until four or five loadings, 
together with the associated pressure measurements, had been completed. 
The sample gas was then returned to the sample ampoule (12} with the 
aid of liquid air and the apparatus was evacuated to chec~ for any zero 
shift of the differential pressure transducer. 
The calibration of the offset for the "Pace" differential pressure 
transducer (19) was repeated at each temperature at which the 
experiment was carried out. 
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5. 3 C2.libration of the "Pace" P7D Variable Reluctance Pressure Transduce r 
The "Pace" P7D differential pressure transducer wa s calibrated by 
measuring a series of nitrogen gas pressures between 0.0 and 70.0 N m- 2 
applied to one side of the manometer. The other side of the pressure 
transducer and the vacuum side of the manometer were kept under a hard 
vacuum during this procedure. The nitrogen was adjusted through stopcocks 
N3 and N4 and wh~n the manometer was read the corresponding milli-volt 
reading from the recorder was noted. The relation between the pressure 
differential and the carrier demodulator output as shown on the recorder 
was linear in the range of the calibration. 
the temperatures use d were as s hown below. 
Temperature Calibration 
328.15 K 66.6±2.0 N m 
343.15 K 66.6±2.0 N m 








358.15 K 66.6 ± 2.0 
- 2 - 1 
Nm V 
373.15 66.6±2.0 N 
-2 - 1 
K m V 
5.4 Calibration of the Common Volume 
Although the method used in this work for determining second virial 
coefficients does not require the determination of the cell volumes, it 
does however need the evaluation of the small volume, ~V, connecting 
the two cells to each other and the differential pressure transducer. 
This volume was determined in two parts. The first was the 
differential pressure transducer together with the "Cajon" male connector. 
Into this small volume,toluene, whose density had been previously 
determined, was poured after the transducer had bee n weighed. After the 
addition of the toluene it was reweighed to determine the weight of 
toluene contained in the small volume in ques tion. The second part was 
the piece comprising the "Hoke" valves H2 and 1-13 and the small diameter 
tube which terminated in the gland of the "Cajon" vacuum fitting. The 
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"Hoke" valves were oriented in such a way that the 6-V required was that 
between the two valves when they were both shut. By attaching a 
vacuum connection to the "Cajon" gland the assembly could be evacuated 
after which toluene was admitted under vacuum. By the weight difference 
of the assembly befo.re and after the addition of the toluene the amount 
added could be found. 
The weights of toluene needed to fill the valve assembly and the 
transducer could then be added and from the density of the toluene 6-V 
could be evaluated . 
6 3 
This volume was 2 . 9910.12 x 10 m. 
-N\/1/v 
5. 5 Pressure Determination- ·· 
The raw data for each loading of the apparatus comprised the weight 
of the sample and the three pressure readings to correspond to p 1 , p 2 and 
p 3 as in equation 4.9. 
Since the "Wild" cathetometer had a silica gla ss scale of very low 
coefficient of thermal expansion, no correction was necessary to compensate 
for temperature effects of the cathetometer scale. 
The pressure of the sample gas within the apparatus was that of the 
nitrogen, as shown by the manometer, less the differential pressure 
transducer offset. The pressure of the nitrogen was determined using 
the following equation : 
-2 Hg o 
p/(N m ) = Ptoc x glocal x 6-H(mm Hg, t C) x 0.01 (5.1) 
The value of g 1 1 , provided by the Christchurch Meteorological oca 
-2 
Service , was 980.48 cm s . The variation in density of mercury with 
temperature as tabulated by Biggs (1964) was found to be described very 
well by the following equation obtained from the International Critical 
Tables (1927). 
p (t) 13 . 59508 
4 9 2 -12 . 3 -14 4 
l+l.81456xl0- (t) + 9.205xl0- (t) + 6.608xl0 (t) + 6.732xl0 (t) 
(5.2) 
-2 o 
This pressure in Nm was converted to a pressure in mmHg(0 C) where 
appropriate by the relation 
0 
p/(mmHg, 0 C) = 
5.6 Materials 
-2 
p/(N m ) 
133.322<1 
( 5. 3) 
The mercury for the manometer was purified and dried as described 
by Beath (1967). 
Phillips Research Graden-Hexane, lot number 1377, of guaranteed 
purity of 99.99 mole% was used. 
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The n-Hexane was thoroughly degassed by multiple distillati,ons using 
liquid air as the coolant in the degassing manifold (item 11 in figure 
5 .1). Approximately five distillations were carried out and the manifold 
evacuated between each distillation while the fluid was held frozen with 
liquid air. For the final distillation the fluid was transferred to 
the sample ampoule (item 12 in figure 5.1). 
6. EXPERIMENTAL RESULTS 
6.1 Calculation Procedure for the Results 
From equation 4.9 
BI + C I (p + p - p ) 
1 2 3-
1 1 .!_) 6v RT(- - - - + 
P3 pl P2 n 
(6 .1) 
= B' apparent 








This determines a pressure series second virial coefficient at 
temperature T for the substance under investigation. 
If the volume series equation: 
2 
p (~) RT + (~) BRT (6. 3) 
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is used, then for each case: all of the sample in the first cell, all in 
the second cell and, thirdly, shared between both cells, a volume series 
virial equation may be written. A second virial coefficient may be found 
from the resulting three equations using the iterative technique described 
in section 4.2. The second virial coefficients obtained using this 
method, when plotted against (p1 + p 2 - p 3 ), should produce a line that 
intersects the y-axis at the same point as the line obtained from a graph 
of B' t versus (p1 + p 2 - p 3 ) since from equation 4.16 apparen 
B' = B. 
Straight lines, deduced by the method of l east squares, are drawn 
through the two sets of points to determine B' and Bas described in 
appendix 1. 
6. 2 Results 
6.2.l Results at 328.15 K 
6.2.1.1 Raw Results 
-2 
(p/N m ) 
- 2 
(piN m ) 
-4 
xlO , o0 c -4 xlO , o0 c 
1. 4565 1.4715 
1.6541 1. 6714 
1. 6813 1.6987 
1.7163 1.7343 
1. 7253 1.7435 
2. 2172 2.2401 
' 2.4310 2.4558 
2. 4779 2.5026 










3.9615 3. 9973 
3.9738 4. 0115 
4.0795 4 .1170 
4. 2213 4.2605 
4.5587 4. 5986 
4.6275 4.6679 
4. 7135 4. 7569 
4.7884 4.8295 
4.8720 4.9101 





- 2 3 -1 
(p3/N m ) (~V/n)/m mole ) 








1. 2318 2.098 
1. 2548 2.058 
1.3666 1.890 
1. 4211 1.816 
1.4812 1.743 
1. 5419 - 1.674 
1. 5985 1.614 
1. 6696 1. 544 
1. 6959 1.520 
1. 9208 1. 341 
1.9309 1. 333 









2.4875 " 1.032 
2 . 5442 1.009 





6.2.1.2 Ca l c ul a t e d Re sults 
--2 
(B' /m 
3 -1 3 -1 
( (pl +p2- p3) /N m ) mole ) (B /m mole ) apparent app are nt 
- 4 
xl0 , o0 c xl0 3 xl03 
-· 
2.1924 -1. 451 - 1. 440 
2.4900 -1.326 - 1. 308 
2.5301 -1.549 - 1. 524 
2.5833 -1. 381 -1. 360 
2.5969 -1. 420 - 1. 400 
3.3351 -1. 493 -1. 464 
3.6550 -1. 619 -1.584 
3.7257 -1.491 - 1.460 
4 . 05 36 - 1. 507 - 1. 4 72 
4 . 2138 - 1.513 -1. 4 79 
4.3880 -1.569 I -1. 530 
4.5662 - 1. 552 - 1. 512 
4.7314 -1. 575 -1. 532 
4.9400 - 1. 558 - 1. 515 
5.0158 - 1.573 - 1. 528 
5.6709 - 1.582 - 1. 531 
5.689G -1. 789 - 1. 724 
5. 8672 - 1.591 -1. 538 
5.9430 - 1. 651 - 1. 592 
5.96 29 -1. 629 -1. 572 
· 6.1200 - 1. 634 - 1. 576 
6.3325 - 1. 613 -1. 554 ' 
6.8328 - 1. 697 -1. 626 
6.9357 -1.674 -1. 604 
7.0658 - 1. 670 -1. 599 
7.1752 -1. 676 - 1.604 
7.29 46 -1. 780 -1. 697 
7.45 34 - 1. 823 - 1. 734 
7.7618 ' -1. 866 - 1.770 
7. 7785 -1. 940 - 1. 835 
7.9013 -1. 902 - 1. 799 
~ 
APPARENT SECOND VIRIAL COEFFIICIENT VERSUS C p + p -P. ) AT 328.15 K 






























- 0 -PRESSURE SERIES 
- ·X-·VOLUME SERIES 




-2.0 \-----'------'------'----'----_.__ _ ____i __ ___L__ _ --1..__-----1 __ ~ 
0.0 1.0 2.0 3.0 4!0 5.0 6.0 
C(p +p -p l /Nm-~ X 104 . o0 c 
1 2 3 
7.0 8.0 9.0 10.0 
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Regress.ion coefficients were d e rived, as detailed in Appendix 1, 
from a plot of the results at 328.15 K, figur~ 6.1, in the form 
Y =a+ bx where: 
Y is the apparent second virial coefficient, and 
xis the pressure term (p1 + P 2 - p 3 ) • 
Pressure series: 




Standard a = X m error 




Standard = - X m N error 
Volume series: 
-120.4 10- 5 
3 - 1 
Standard a = X m mole error 









= X m 
-5 3 -1 
2. 2 X 10 m mole 









6.2.2 Results at 343.15 K 
6.2.2.1 Raw Results 
- 2 
(p1 /N m ) 
-2 
(p/N m ) 
-2 
(p/N m ') 
3 -1 
(~V/n)/m mole ) 
-4 
xl0 , o0 c -4 xl0 , o0 c -4 xl0 , o0 c xl04 
1. 8073 1.8264 0.9135 2.971 
1. 8928 1. 9128 0.9565 2.835 
3.3592 3.3967 1. 7049 1.584 
3.5096 ~.5466 1. 7809 1.518 
3. 7205 3.7586 1. 8882 1.430 
4. 7731 4.8209 2.4293 1.109 
5.0473 5.0969 2.5702 1.048 
5.1633 5.2154 2.6303 1.024 
6.0836 6.1435 3.1064 0.864 
6.1999 6.2595 3.1667 0.848 
6.3864 6.4493 3.2637 0.822 
7.3463 7.4161 3.7648 0. 711 
7.3874 7.4626 3.7888 0. 7 07 





































APPARENT SECOND VIRIAL COEFFICIENT VERSU S CP. +P. - P. J AT 343.15 K 




XX XX X 
----:,e-- --- --- ------- -- - -- ---x-- -x--




- 0 - PRESSURE SERIES 
--x-- VOLUME SERIES 
-- 6B', PRESSURE SERIES 
- 1.6~--~--~-------__. ___ .......__ _ __._ __ .........._ _ __._ __ __._ _ __.,_ __ ....__ _ ........ 
0.0 1.0 2,0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0 11.0 12.0 
(( p +p - p ) / N m-2) X 10- 4 0° C 
1 2 3 ' 
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6.2.2: 2 Calculated Results 
-2 (B' /m3 -1 · 3 -1 ((pl+p2-p3)/N m ) mole ) (B /rn mole ) apparent apparent . 
-4 
xl0 , o0 c xl03 xl0 3 
2. 7202 -1.472 -1.448 
2.8491 -1. 307 -1. 288 
5.0510 -1.429 -1. 392 
5.2753 -1. 385 -1. 351 
5. 5909 -1.353 -1. 318 
7.1647 -l.401 - 1. 352 
7.5740 - 1. 390 - 1. 339 
7.7484 -1. 391 -1. 339 
9.1207 -1. 407 - 1. 345 
9 . 2927 -1.415 -1. 351 
9.5720 - 1. 410 - 1. 345 
10.9976 '-1.454 -1.374 
11.0612 -1. 479 -1. 396 
11. 4161 -1. 467 -1. 383 
Regression coefficients were derived as detailed in Appendix 1, from 
a plot of the results at 343.15 K, figure 6.2, in the form Y =a+ bx, 
where: 
Y is the apparent second virial coefficient, and 
xis the pressure term (p1 + p 2 - p 3). 
Pressure series: 
-5 3 -1 
a= -130.2xl0 m mole Standard error 
-5 3 -1 
= 0.9xl0 rn mole 
-11 5 -1 -1 
b = -137xl0 m mole N Standard error 
Volume series: 
a= -130.9xl0-S m3 mole-l Standard error 
b = -57xlo-11 m5 mole-l N-l Standard error 
-11 5 -1 -1 
= l0xl0 m mole N 
64 
6.2.3 Results at 358 .15 K 
6.2.3.1 Raw Results 
- 2 
(p1 /N m ) 
-2 
(p2/N m ) 
-2 
(p/N m ) (LW/n) I (m 3 -1 mole ) 
-4 
xlO , o0 c -4 xlO , o0 c -4 xlO , o0 c xl04 
1. 432S 1.4485 0.7233 3.926 
1.5948 1. 6117 0.8050 3.518 
2.2212 2.2454 1.1226 2.523 
2.9094 2.9398 1.4724 1.922 
2.9236 2.9544 1.4800 1.910 
3.5100 3.5474 1. 7785 1.588 
4.3463 4.3915 2.2060 1. 278 
4.4940 4.5404 2.2825 1 . 236 
4.8837 4.9352 2.4823 1.135 
5.2998 5.3553 2.6958 1.045 
5.4442 5.5007 2.7696 1.015 
6.1802 6.2452 3.1495 0.892 
6.5760 6.6440 3.3533 0.837 
6.7984 6.8685 3.4688 0.809 




































APPARENT SECOND VIRIAL COEFFICIENT VERSUS CP, +p2 -p3 ) AT 356.15 K 
- 1.1 ---------------------------------------------------, 
~x 
X X 
- 1. 2 
X X X 
X X _ e----------- ___ __,---------------------
C ----------------· . A • X 
1=--- --------- 8 8 --"'1Cx:------- X ----- Ci) -- E> 9 l 
E) 
X 





0.0 1.0 2.0 3.0 4 .0 
- E> 
-
5.0 6.0 7.0 
CC p + p - P. )/ Nm-~) X 10- 4, 0° C 
1 2 3 
8.0 
-o-PRESSURE SERIES 
- -x-VOLU ME SERIES 
--GB: PRESSURE SERIES 
9.0 10.0 11.0 12.0 
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xlO , o0 c xlo 3 xl03 
2.1581 -1.282 -1.264 
2.4015 -1.223 -1.208 
3.3440 . -1.175 -1.160 
4.3768 -1. 221 -1.200 
4.3980 -1.251 -1.228 
5.2789 - 1.196 - 1.172 
6.5318 - 1.204 -1.172 
6.7519 -1.258 -1. 222 
7 . 3366 -1.240 -1. 202 
7.9593 -1. 225 -1.186 
8.1753 -1. 217 - 1.176 
9.2759 -1. 226 -1.180 
9.8667 -1. 217 -1.169 
10.1981 -1. 228 -1.178 
11.1546 - 1. 216 -1.162 
Regression coefficients were derived, as detailed in Appendix 1, from 
a plot of the results at 358.15 K, figure 6.3, in the form 
Y =a+ bx, where: 
Y is the apparent second virial coefficient, and 
xis the pressure term (p1 + P 2 - P 3). 
Pressure .series: 
a= -122.9xl0-S m3 mole-l 
-11 5 -1 -1 
b = 8xl0 m mole N 
Volume series: 
a= - 122.8xlo-5 m3 mole-l 





- 5 3 -1 
= O. 4 x 10 m mole · 
-5 3 -1 
= 0.4xl0 m mole 
- 11 5 - 1 -1 
5xl0 m mole N 
6.2.4 Results at 373.15 K 
6.2.4.1 Raw Results 
-2 
(p1(N m ) 
-2 
(p/N m ) 
. -2 
(p3/N m ) 
3 -1 
(6V/n)/(m mole ) 
-4 
xlO , o0 c -4 xlO , o0 c -4 xlO , o0 c xl04 
1.0931 1.1055 10\ 5514 5.376 
2.2248 2.2490 1.1242 2.631 
2.7232 2.7532 1. 3767 2.142 
2.9698 3.0014 1. 5024 1.964 
3.2592 3.2943 1. 6493 1. 789 
3.8082 3.8508 1. 9292 1. 526 
4.0752 4.1189 2.0658 1.425 
4.3666 4 .4136 2 . 2142 1. 330 
4 . 8624 4 . 9151 2 . 4677 1.191 
5.0820 5.1376 2.5801 1.139 
5.4241 5.4824 2.7552 1.067 
5.8858 5.9480 2.9920 0.981 
6.1016 6.1678 3.1035 0.945 
6.9992 7 . 0732 3.5652 0.822 
~ -
Fl6URE 6.4 
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- 0 - PRESSURE SERIES 
--x--VOLUME SERIES 
-- sa: PRESSURE SERIES 
5.0 6.0 7.0 8.0 9.0 10.0 11.0 12.0 
((P, +p2- p3 l/Nm- 2) X 10-4, 0°C 
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6.2.4.2 Calculated Results 
-2 (8 I /m3 -1 (8 /m 
3 -1 





xl0 , o0 c xl0 3 xl03 
1. 6472 - 1. 272 -1. 260 
3.3496 -1.176 -1.160 
4.0997 -1.046 -1.020 
4.4688 -1.135 -1.116 
4.9042 -1.088 -1.068 
5.7298 -1.062 -1.042 
6.1281 -1.132 -1.107 
6.5660 -1.094 - 1.068 
7.3098 - 1.079 - 1.044 
7.6395 - 1.071 - 1.043 
8.1513 -1.076 -1.044 
8.8418 -1.084 - 1.044 
9.1659 -1.084 -1.044 
I 
10.5072 -1.085 -1.044 I 
Regression coefficients were derived, as detailed in Appendix 1, 
from a plot of the results at 373.15 K, figure 6.4, in the form 
Y =· a+ bx, where: 
Y is the apparent second virial coefficient, and 
xis the pressure term (p1 + P2 - p 3). 
Pressure series: 
-5 3 -1 
a= -112.7xl0 m mole Standard error 
Standard error 
Volume series: 
-5 3 - 1 
a= -112.4xl0 m mole Standard error 
b 89xlo-11 m5 mole-l N-l Standard error 
5 3 -1 = 0.6xl0- m mole 
11 5 -1 -1 = lOxlO- m mole N 
- 5 3 -1 
= 0.6xl0 m mole 
11 5 1 -1 = lOxlO- m mole- N 
FIGURE 6.5 
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C = THIRD VIRIAL COEFFICIENT 
8 = SECOND VIRIAL COEFFICIENT 
T8 = BOYLE TEMPERATURE 
v. = T (.dB_ ) 
B di T-T. 
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The results given in this thesis for the second virial coefficients 
of n- Hexane are at variance with those .reported in the literature, Dymond 
and Smith (1969), as shown in figure 6.5. 
Early in the course of this work part of the apparatus collapsed under 
the surface cf the oil bath with the result that oil filled part of it. 
Every effort was made to clean the oil completely from the apparatus but 
it .is suspected that after the repairs and modifications were completed 
a trace of oil remained. In Appendix 9.2 the effect of a small amount 
of oil is examined. At lower pressures the effect of the oil on the 
value of B' will be less than that at higher pressures. 
apparent 
As the 
temperature increases there is less tendency for some of t h e gas to be. 
dissolved in the oil with the result that this effect becomes less as the 
temperature increases . It would not be unreasonable to draw a curve 
through the values of B' tat 328.15 K, figure 6.1, and this could 
apparen 
reasonably be explained by the presence of a small trace of oil within one 
cell of the apparatus. This curve would intercept the y-axis at a value 
of 
By 
B' more negative than 
apparent 
-4 
assuming that l.4xl0 moles 
the weighted least squares line drawn. 
of oil exist in one cell of the apparatus 
the value of B' for this work can be made to coincide with Pandya's value 
at 328.15 K using the procedure outlined in Appendix 9.2. This amount 
-of oil does not bring the value at 343.15 K for this work down to that of 
-6 3 -1 
the Pandya work but to within 60xl0 m mole . At 358.15 Kall three 
-6 3 -1 
points, as shown in figure 7.1, are within 45xl0 m mole of each 
other. At 373.15 K, although there is no Pandya data to compare with, 
-6 3 -1 
the result continues the trend of being about 90xl0 m mole below the 
literature values. As s hown in figure 7.1, the effect of a small amount 
of oil within one cell of the apparatus is not great at this temperature. 
From graphs of experimental points in Mason and Spurling (1969) and 
shown in figure 7.2, it is noted that the third virial coefficient increases 
as the temperature decreases. Although the experimental values of C', 
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obtained from the results in this work, show the opposite trend 
those values that arise from assuming the existence of a small trace of 
oil do follow the trend observed in figure 7.2. These values are 
noted in Appendix 9.2 and although not carrying as much weight as the 
values of B' confirm the presence of oil within the apparatus. 
It is further suggested that if the apparatus were oil-free, then a 
curve through the results obtained using this method would lie consistently 
-6 3 -1 
about 90xl0 m mole below the literature plot. In the past a great 
deal of virial coefficient data has been obtained by plotting pV versus p 
or v and extrapolating to zero pressure or density respectively. As 
Scott and Dunlap (1962) point out, the virial coe fficients should be the 
limiting slopes of these plots rather than the average slopes. By_ 
extrapolating and using the average slope for a second virial coefficient · 
previous workers are assuming that the third virial coefficient is zero. 
Scott and Dunlap further point out that by truncating both the density 
series and pressure series equations at the term in the second virial 
coefficient then different values are obtained for Band B' respectively. 
However by truncation of these equations at the third virial coefficient 
and fitting the experimental data to a least squares quadratic equation in 
v or p, then the values of Band B' were almost identical and rather 
different from those obtained previously by truncation of the virial 
equations at the second virial coefficient. It is suggested that the 
difference between the extrapolated virial coefficients in this work and 
the literature values result from the truncation and plotting methods used 
in the previous work and that employed here. The coincidence of the 
y-axis intercepts at higher temperatures from both the pressure series 
and the density series virial equations gives added weight to the 
assertions made here. 
Since the scatter of the experimental points is to a large extent 
due to errors introduced in the pressure measurements, it would be 
desirable to use a more accurate pressure measuring device. 
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A check on the zero of the differential pressure transducer would 
be an added advantage. Hall and Eubank (1974) have used an arrangement 
of a Burnett apparatus where they could check their differential pressure 
transducer during the course of an experiment without greatly upsetting 
the run. 
The problems associated with the scrupulous cleaning of the apparat~s 
that is necessary can to a large extent be overcome by building from 
materials that can be baked to high - temperatures and either vaporising 
or carbonising the traces of any unwanted material. 
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9. APPENDIX 
9.1 Weighted Leas t Squares Straight Line 
In figure 9 .1, (p1 + p 2 - p 3 ) is plotted along the x-axis while 
B' is plotted on the y-axis. 
apparent 
The points (x,y) are the 
experimental points while the line, Y = a+bx, through the points (x,Y) 
is the least squares fit. 
Davies (1967) shows that the sum of squares of the deviations from 
the line Y = a+bx, Q, is given by: 
Q = (9 .1) 
where a and bare the regression coefficients. These coefficients are 
chosen so that Q is a minimum. Hence: 
ag E (y. - (bx. + a) ) (- 2) = 0 (9. 2) aa 1. 1. 
dQ = E (y, (bx. ab 1. 1. + a))(-2x.) 1. = 0 (9. 3) 
Since the accuracy of the values of the apparent second virial coefficient, 
B' , is a function of the pressure term (p1 + p 2 - p 3 ) at a given apparent 
temperature, the least squares analysis requires weighting. This can be 
achieved by applying a factor z to the deviation (y. - (a+bx.)) where z 
1. 1. 
bears~ relation to (p1 + P2 - P3) • 




z(y. - (bx .+a)) (-2x.) 
1. 1. 1. 
(bx. +a)) ( -2 ) 
1. 
The equations describing the 
0 (9 . 4) 
0 (9. 5) 
It can be shown that for the weighted sums of the squares of the 
deviations to be a minimum the regression coefficients are given by: 
a 
b 
Eyz - Ebzx 
Ez 
EzExyz - ExzEyz 
Ex2zEz - (Exz) 2 
(9. 6) 
(9. 7) 
The probable error, as given in section 4.3, can be determined by the 
foll owing equation: 
OB' 
where 
= J:6R~op) 2 + 
p 
2 
+ ( RT) 20n + 4B'Op + 2B'RTOn 
p V p pV 
-6 - 2 
OT is 0.02 K, on is lxlO moles, Op= 3.71 Nm 
and pis p 2 the maximum pressure at each loading. 
77 
(9. 8) 
A graph of lnOB' versus ln(p1+p 2-p 3 ) at a given temperatu~e produces 
a straight line so that 
lnOB' glnx + d 




where f is another constant. 
(9. 9) 
(9 . 10) 
1 
The term OB' would be an appropriate weighting factor for the 
least squares analysis. 
1 
z OB' = (9.11) 
in which both f and g are functions of temp era ture since the uncertainty 
in the second virial coefficient is dependent on both temperature and 
pressure ~ 




tx-gtx1-gy - tx1- gtyx-g 
tx2-gtx-g - (tx1-g) 2 




A table of OB' at values of (p1 + p 2 - p 3 ) for 20 K intervals in 
temperature from 313.15 K to 393.15 K was drawn up. With the use of a 
Hewlett-Packard least squares power curve fitting program the. points (oB' ,x) 
were curve fitted at each temperature to produce a relationship of the 
form: 
OB' 
b = ax (9.14} 
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Different values for the constants a and b were obtained at each 
temperature and these values were fitted to a curve of the form 
a orb = mT + c 
where both m and c were constants. 
The resulting equations were: 
a = 2 5 4.30xl0 T - l.026xl0 




Hence the equ~tion describing the probable error in B' as a function of 
T and (p1 + p 2 - p 3 ) can be written as: 
B' (9.18) 
The value of gin the weighted regression coefficient,expressions 9.12 
and 9.13,is gi_ven by 
g = -4 -5 .34xl0 . T - 1.68 (9 .19) 
A value for the accuracy of regression coefficients is given by the 
standard error from Topping (1955). 
Standard error at b = 








(n-2)(nEx - (Ex)) 
(9.20) 
(9.21) 
The standard errors of the regression coefficients are weighted in 
a similar manner to the least squares fit of the second virial 
coefficient values with the maximum pressure reading having a weight of 
one. The term (y-Y) in the equations for the standard errors of the 
Ct 
regression coefficients 9.20 and 9.21 is multiplied by the factor (p/pmax) 
where pmax is the maximum pressure reading from the manometer at the 
given temperature for all of the points and pis the corresponding 
pressure for the point under consideration. 
the regression coefficients are given by: 
Hence the standard errors of 
standard error of b = 
standard error of a = 
where a is given by: 
nE ( (y-Y) (p/p /1.) 2 
max 
(n-2 ) (nEx2 - (Ex) 2) 
a 2 2 E ( (y-Y) (p/p ) ) Ex 
_ max 
2 2 
(n-2) (nEx - (Ex) ) 
a = 1.68 + 5.34 X 10-4 T 




_If it is assumed that there is a trace of oil in one of the cells 
of the apparatus, say cell I, and Raoult's_ Law is applied, then: 
p 
0 
p X (9. 25) 
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where pis the pcrtial pressure .of n- hexane over an oil-n- hexane mixture 
with a mole fraction of x where xis given by 
cS 
X 
b + o (9.26) 
and cS is the number of moles of n- hexane in the oil and bis the number 
of moles of oil~ 
Hence the number of moles of n-hexane removed from the bulk gas because 
of that dissolved in the oil is given by 
0 = pb (9.27) 
0 
p - p 
With the oil in cell I alone the pressure series virial equations for 
the three pressure measurements become: 
P1 (Vl + /J.V) (n-o1 ) RT + (n-o )B'p (n-o1 ) 
2 
(9.28) = + C'p 1 1 1 
P2 (V 2 + /J.V) 
2 
(9. 29) = nRT + nB 1 p 2 + nC'p2 
p 3 (v1+v2+6V) (n- o3)RT + (n-o 3)B 1 p 3 
2 
= + (n-o )C'p (9.30) 3 3 
By eliminating v1 and v2 from these equations, it can be shown that: 
BI +CI (p +p -p ) 
1 2 ,3 
C' 
B' RT 01 03 C' 
BI +-(o -6 ) + -(- - -) + -n (plol-p303) 
apparent n 1 3 n p 1 P3 
(9. 31) 
but the term (po - po ) is small so that this equation becomes n 1 1 3 3 
B' 




B'+C' (pl+p2-p3) B' 
B'bRT 1 1 





plVl po-pl 0 (p -½pl) 
(9.33) 
In the original analysis the right-hand side of equation 9.33, without 
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the oil terms, is plotted against (p1 + p 2 - p 3 ) to obtain a value of B'. 
The extra oil terms have a considerable effect, especially at low 
temperatures, as shown in figure 9.2 where the straight dashed line is an 
assumed no oil plot of B' . 
apparent 
The curves, one at each of the four 
temperatures used in this work, are those obtained using the following 
values: at each temperature the value of B' used is that taken from the 
-4 · -3 3 
literature plot in figure 6.5, b = l.4xl0 moles, v1 = l.5xl0 m and 
p 0 (initially calculated in mmHg) was obtained using the equation below 
(Weast, 1968) . 
0 
log10 p 
_1_6_5_4_. 6_ + 7 . 724 
T 
(9. 34) 
The results obtained by recalculating a value of B' assuming this amount 
of oil are shown in table 9.1 and plotted in figure 7.1. 
l:H 
Table 9.1 
T/K (B' /m 
3 -1 5 
mole )xlO (C' /m 
5 
mole 
-1 N- 1 )x1011 
328 .1.5 -155 457 
343.15 -135 48 
358.15 -122 27 
373.15 -112 54 
